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ABSTRACT  
Experimental batch heat-transfer data were obtained 
for both Newtonian and pseudoplastic liquids in a baffled 
agitated vessel. The fluids tested had flow behavior in-
dexes between 0.36 and 1.0; and the apparent viscosity 
ranged from 1 to 1200 centipoise. Four types of impellers 
(anchor, paddle, propeller, and disk and vane turbine) 
were studied using eleven separate impellers. The probable 
error in the measured heat transfer coefficient was ± 20 
percent. 
The effects of the generalized Reynolds number, general-
ized Prandtl number, and viscosity ratio were studied. In 
addition the effect of impeller diameter was studied for 
paddles, propellers, and turbines; and the effect of im-
peller width was studied for the paddles and turbines. The 
vertical height of the impeller above the bottom of the 
vessel was shown to be a significant variable. 
The data for the Newtonian liquids, in general, sub-
stantiated presently accepted correlations. For the power 
law pseudoplastic fluids two correlations were developed. 
One correlation was based on the dimensional analysis of 
the equations describing a flow model of the system. The 
second correlation is based on Metzner's evaluation of the 
rate of shear in an agitated vessel. The former correlation 
has five to seven constants which vary with impeller type 
1 
while the latter has five to seven constants, two of which 
vary with the impeller type. When the flow behavior index 
is 1.0 both correlations reduce to the generally accepted 
correlations for Newtonian liquids. The correlations fit 
the experimental data with an average error of ±10 to 14 
percent. 
ii 
ACKNOWLEDGEMENTS 
The author expresses his sincere appreciation to his 
thesis advisor, Dr. Jerome J. Salamone, for all his time, 
ideas and interest. Dr. Salamone's aid has been invaluable 
in directing this research to a successful conclusion. 
The author also wishes to acknowledge the interest 
shown and the useful suggestions rendered by the other 
members of the doctoral committee. Dr. L. Bryce Anderson 
especially was-instrumental in the development of the 
theoretical correlation. 
Many persons gave assistance in the planning and con- 
struction of the experimental apparatus, namely, Mr. Tony 
La Sala, Mr. John Sparmo,  and Dr. Edwin O. Eisen. 
A great deal of appreciation is due the NCE Computer 
Center for the large amount of computer time used and es-
pecially the computer center staff who were always willing 
to give their assistance. The author is grateful for the 
financial help received through the National Defense 
Education Act. 
The author is especially grateful to his wife, Martina, 
who always gave encouragement and aided in the presentation 
of the thesis. 
iii 
VITA 
Donald W. Hagedorn received his B. S. in Chemical 
Engineering from Newark College of Engineering in 1961 
and was awarded a three year National Education Defense 
Act Fellowship for study towards the doctorate at the 
same institution. He received the M. S. degree in 1963 
summa cum laude. 
He worked one sum,or at Picatinny Arsenal and throe 
summers for the American Cyanamid Company at the Warners 
Plant, Bound Brook Plant, and Lederle Laboratories. He 
is presently employed in the Technical Group of the Dyes 
Department of the Americean Cyanamid Company at Bound 
Brook, New Jersey. 
iv 
TABLE OF CONTENTS 
page 
Chapter 1: Introduction 	 1 
Chapter 2: Review of Background Material 	 6 
Pseudoplastic Fluids 	 6 
RheologicaL Investigation of Power 
Law Fluids 	 13 
Mixing of Non-Newtonian Fluids 
	 20 
Methods of Study of Batch Heat 
Transfer Used by Previous Authors 	 34 
Summary of Literature Results for 
Batch Heat Transfer to Newtonian 
Fluids 	 44 
Studies of Batch Heat Transfer to 
Non-Newtonian Fluids Reported in 
Literature 	 52 
Chapter 3: Development of Correlations 	 57 
Theoretical Correlation 	 57 
Semi-Empirical Correlation 	 73 
Chapter 4: Experimental Phase of this Thesis 
	 74 
Equipment 	 74 
Operating Procedure 	 89 
Calculations 	 95 
Chapter 5: 
	 Results 	 102 
Heating and Cooling Water 	 105 
Correlations 	 111 
Chapter 6: Discussion of Results 
	 131 
Conclusions 
	 147 
Recommendations 	 1)49 
V 
page 
Table of Nomenclature 	 150 
Appendix 	 Fluid Properties 	 157 
Viscosity 	 157 
Thermal Conductivity 	 179 
Heat Capacity 	 180 
Density 
	
182 
Computer Programs for Evaluating 
Rheological Data 
	
187 
Appendix B: Data and Calculations 
	
195 
Heat Transfer Data 	 196 
Computer Programs for Clculating 
Heat Transfer Results 
	 224 
Heat Transfer Results 	 233 
Appendix C: Correlation of Data 	 266 
Computer Programs for Multiple 
Regression Analysis 
	 270 
References 
	 285 
vi 
LIST OF FIGURES 
page 
2-1 	 Flow Behavior of Pseudoplastics 	 7 
3-1 	 Flow Patterns in Propeller Agitated Baffled Vessel 	 58  
4-1 	 Heat Transfer Vessel 	 75 
14-2 Location of Wall Thermocouples and Scale 	 77 
4-3 	 Piping Diagram 	 8o 
4-4 	 Anchor Agitator 
	
85 
4-5 	 Recorder Chart 	 92 
5-1 Effect of Impeller Height for Heating of Water; 
5.2 inch Propeller 	 109 
5-2 Effect of Impeller Height for Heating of Water; 
Anchor 
	
109 
5-3 Effect of Impeller Height for Heating of Water; 
6 inch Disk and Vane Turbine 	 110 
5-4 	 Batch Heat Transfer Using Propellers 	 122 
5-5 	 Batch Heat Transfer Using Propellers 	 125 
6-1 Comparison of Newtonian Fluid Data with 
Literature Correlations: Anchor 	 134 
6-2 Comparison of Newtonian Fluid Data with 
Literature Correlations: Paddle 	 136 
6-3 Comparison of Newtonian Fluid Data with 
Literature Correlations: Propeller 	 137 
6-4 Comparison of Newtonian Fluid Data with 
Literature Correlations: Turbines 	 139 
A-1 	 Viscosity of 93.7% Glycerine Vs. l/T 	 160 
A-2 Correction Factor, f, in Equation for 
Viscosity of 93.7% Glycerine 	 162 
A-3 Constant Temperature Apparatus for 
Viscometer 	 167 
A-4 	 Rheology of 0.15 Percent Carbopol 	 176 
A-5 	 Rheology of 0.20 Percent Carbopol 	 177 
A-6 	 Rheology of 0.24 Percent Carbopol 	 178 
vii 
LIST OF TABLES 
Page 
2-1 Minimum Reynolds Number Needed to Achieve 
Movement at a Vessel Wall for Pseudo- 
plastic Fluids 	 32 
4-1 Heat Transfer Vessel 	 81 
4-2 Agitation 	 82 
4-3 Impeller Dimensions 	 86 
5-1 Impeller Positions Used in the Major Portion 
of this Thesis 
	 103 
5-2 Summary of Additional Data Points Measured in 
the Preliminary Study of Heat Transfer to 
Water 
	 104 
5-3 Summary of Data Points Used in Correlations 
	 113 
5-4 Correlation A 	 111 5-5 Correlation B 
	 117 
5-6 Correlation C 
	 118 
5-7 Variances for Correlations A, B, and C 	 119 
5-8 Correlation D 	 121 
5-9 Correlation E 
	 124 
5-10 Correlation F 
	 126 
5-11 Correlation G 	 128 
5-12 Variances for Correlations D, E, F and G 	 129 
A-1 Viscosity of 93.7 Percent Glycerine 	 159 
A-2 Correction Factors for Glycerine Viscosity 
Equation 	 161 
A-3 Characteristics of Brookfield Cylindrical 
Spindle 	 165 
A-4 Slope of Log Shear Stress Versus Leg 
Rotational Speed 	 168 
A-5 Rheological Data for Carbopol Solutions 	 170 
A-6 Constants for Equations 7-10 and 7-11 	 173 
A-7 Flow Behavior Index and Fluid Consistency 
Index of Carbopol Solutions 	 169 
A-8 Flow Behavior Index and Fluid Consistency 
Index for Carbopol Solutions 
	
175 
A-9 Experimental Values for the Thermal Conductivity 
of Carbopol Solutions 
	 181 
A-10 Density of Carbopol Solutions 
	 184 
Table of Nomenclature for Appendix A 	 185 
Viii 
(1-2 
CHAPTER I  
INTRODUCTION 
BATCH HEAT TRANSFER  
Heat transfer from one fluid through a wall to another 
fluid is usually described using an overall heat transfer 
coefficient, U. 
dq = UdA∆To 	 (1-1 
where q is the amount of heat transferred through heat 
transfer area dA. The driving force,∆T0, is the overall 
or total difference in temperature between the hot and 
cold fluids. The reciprocal of the overall heat transfer 
coefficient is the sum of all the resistances to heat 
flow. Equation 1-2 defines the overall heat transfer 
coefficient for a jacketed vessel where hm is the coefficient 
of heat transfer of the fluid heat transfer medium. Its 
reciprocal is thus the resistance of this fluid to the flow 
 of heat. 1/hf 
	
is the resistance due to the fouling of the 
heat transfer surfaces. L is the thickness of the wall 
and kw is its thermal conductivity. The ratio,L/Kw 	 is the 
 
resistance to heat flow due to the wall. l/h 	 is 	 the resistance 
on the batch side of the heat transfer surface and h is 
called the batch heat transfer coefficient. 
In many cases the batch heat transfer coefficient 
is small and thus is a controlling factor determining the 
2 
value of the overall heat transfer coefficient. The 
agitation of the fluid, the system geometry, and the fluid 
properties determine the value of the batch heat transfer 
coefficient. 
NON-NEWTONIAN FLUIDS  
Many factors may influence the behavior of fluids under 
shear. Temperature and pressure influence the viscosity 
of fluids; the temperature effect is large and the pressure 
effect small. Newton postulated that for fluids at constant 
temperature and pressure the rate of shear is directly pro-
portional to the shear stress. Subsequently, many fluids 
were found and studied which did not conform to Newton's 
theory. The duration of shear, the shear rate, or the previous 
history of the fluid influenced the shear stress required 
for a particular shear rate. All of these fluids were given 
the name non-Newtonian. 
Non-Newtonian behavior is found in two basic types of 
fluid systems (118): 
1. Solutions or melts of high-molecular weight 
polymeric materials. 
2. Suspensions of liquids or solids in a liquid 
medium. 
In general the degree of non-Newtonian behavior increases 
with the concentration of the polymer or disperse phase. 
A large fractionof non-Newtonian fluids are classed 
as pseudoplastics. .Pseudoplastic fluids exhibit shear-
thinning flow behavior. As the shear rate is increased 
the shear stress required to provide the shear rate does 
not increase proportionately. Thus, as the shear rate 
is increased the apparent viscosity (the ratio of the 
shear stress to shear rate) decreases. 
PURPOSE OF THESIS  
A large fraction of fluids now handled industrially 
are non-Newtonian and a large percentage of these are 
pseudoplastics. The design correlations developed for 
Newtonian fluids cannot be used for pseudoplastics because 
of the variable viscosity of the latter. In recent years 
many authors have contributed to the development of design 
equations for pseudoplastic fluids. These equations have 
been in three main areas: 
1. Fluid flow, including friction factors for 
isothermal and non-isothermal flow, entrance 
effects, kinetic energy, and onset of 
turbulence. 
2. Heat transfer in pipes. 
3. Power requirements in agitated vessels. 
Much of this material is reviewed in the literature. (118, 
120, 121, 190, 213). 
To date, only two papers have been published on the 
prediction of batch heat transfer coefficients to pseudo- 
3 
plastic fluids. These papers are quite limited in scope. 
The purpose of this thesis is to develop a design correlation 
(based on the analysis of a flow model and experimental 
data) for the prediction of batch heat transfer coefficients 
for pseudoplastic fluids. 
SCOPE OF THESIS  
Two types of correlation were developed. One is an 
equation based on a dimensional analysis of the equations 
describing a simplified flow model. The second is a 
modification of the Newtonian correlation using an apparent 
viscosity developed by A. B. Metzner, et al. (122, 125). 
The experimental variables studied cover a fairly 
wide range. Four types of impellers were used: 
Type 	 Number of impellers studied 
Flat bladed paddle 	 6 
Disk and vane turbines 	 2 
Marine propeller 	 2 
Anchor 	 1 
All data were taken with four baffles attached to the 
wall. The heat transfer surface was the vessel wall (Some 
papers on Newtonian fluids have studied coils). Both 
Newtonian and pseudoplastic fluids were studied. The flow 
behavior index range for these fluids extended from 1.0 
to 0.36. 
4 
In addition to studying the effect of Reynolds Number, 
Prandtl Number, and viscosity ratio, the ratio of tank 
diameter to impeller diameter was correlated for all but 
the anchor; and the effect of impeller width was studied 
for the paddle and turbine. Data were taken for both 
heating and cooling conditions and are correlated by the 
same equation. 
5 
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CHAPTER 2 
REVIEW OF  BACKGROUND MATERIAL 
PSEUDOPLASTIC FLUIDS  
While Newtonian behavior is only one of many rheo- 
logical types, the large majority of fluids handled in-
dustrially are Newtonian. Pseudoplastic fluids are second 
in importance to the Newtonians (118). The Bingham plastics 
are probably third in importance but many of these have been 
treated as pseudoplastics (126). There are very few in-
dustrial dilatants, and the time dependent and viscoelastic 
fluid groups are small and are often treated as pseudoplastics 
(7, 118, 120, 121, 126, 128, 179, 186). Pseudoplastic fluids 
were studied in this work because of their relative importance. 
Melts and solutions of substances with high molecular 
weight are usually pseudoplastic (118, 196). Suspensions 
of asymmetric solids are often in this category. (120, 213). 
Typical examples of pseudoplastics are polystyrene, copoly-
mers of styrene, low and high pressure polyethylene, rubber 
modified styrene polymers, and slurries of cement rock in 
water (96, 212). 
The flow behavior of pseudoplastic fluids is shot-in 
graphically in Figure 2-1. At very low and very high shear 
rates the apparent viscosity is a constant, as shown in 
curve A. Thus in these ranges the fluid acts as a Newtonian 
fluid. Between these two extremes, however, the apparent 
viscosity decreases with increasing shear rate. The flow 
7 
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curve (Curve B) is straight at the two extremes of shear 
rate and concave toward the shear rate axis for the re-
mainder. The slopes of the straight portions are the New-
tonian viscosities for that region, and the slope of a line 
between any point of the curved portion and zero gives the 
apparent viscosity at that shear rate. The Newtonian viscosity 
at low shear rate is often called the "zero shear-rate vis-
cosity",µo . Likewise, the Newtonian viscosity at very high 
shear rates is often named the "infinite shear-rate viscosity", 
µ∞ . The logarithmic flow curve (Curve C) contains three 
straight lines. The two extreme lines have a slope of unity 
and represent the Newtonian portions of the shear rate spectrum. 
The middle line has a slope which is between zero and unity. 
The closer to zero it is, the more non-Newtonian the fluid. 
The shear-rate range of the "zero shear-rate viscosity" 
is often very narrow. The "infinite shear-rate viscosity" 
occurs at very high shear rates and is very seldom encountered 
in industrial processes such as flow through a conduit, heat 
transfer, or mixing with a paddle, anchor, marine propeller, 
or turbine. 'A few special impellers and processes (such as 
brushing of a paint) produce high shear rates, so that the 
infinite shear-rate viscosity may be approached. 
Many authors have tried to derive theoretical expressions 
for the flow curves of pseudoplastics and many others have 
tried to develop empirical equations (79,  109, 135, 152, 154 
(2-2 
155, 183, 185). Most of their efforts were in vain because 
the equations were not very accurate or were too complex 
to work with (120). Much of the early technological work 
was done using an empirical equation to express the flow 
curves (22, 214, 215). 
(2-1 
This relationship, the Williamson equation, is fairly com-
plicated, and is valid for only a small number of fluids. 
In an effort to simplify the equation, the first term was 
often dropped, placing too much emphasis on the infinite 
shear-rate viscosity, which in practice is rarely approached 
(22, 118). 
Another equation for describing pseudoplastic flow 
behavior which has gained some acceptance is the Powell-
Eyring equation (146). This equation was derived from 
theoretical considerations and accurately describes experi-
mental data over a very wide shear-rate range. 
At low shear rates sin-1(γ/A) approaches γ and thus 
A 
the equation predicts 
which is Newtonian behavior. At high shear rates (1/Bsinh-1(γ/A) 
A 
/0 
becomes negligible and again Newtonian behavior is predicted. 
The equation also predicts a shear-thinning phenomenon at 
intermediate shear rates (120). Thus this equation is very 
good if a very wide shear-rate range must be accurately 
portrayed or if existing data must be extrapolated. 
There are a few disadvantages to using the Powell-
Eyring equation. 
1. 'Three constants must be evaluated. 
2. The equation cannot be solved explicitly for 
shear rate. 
3. The correlations which have been developed 
using this equation can only be solved using 
published graphs. These are based on two or 
three parameters in addition to the dimension-
less groups represented by the coordinates (L2, 
43). 
The Ostwald-deWaele model, more commonly called the 
"power law" is an empirical equation which accurately de-
scribes the flow curve of most pseudoplastic fluids in 
the shear rate range most commonly encountered in indust-
rial processes. 
(2-4 
K is named the "fluid consistency index" and is somewhat 
analogous to the Newtonian viscosity in that it does not 
II 
vary with the shear rate. n is called the "flow behavior 
index" and is a measure of the deviation from Newtonian 
behavior, n is equal to the slope of the logarithmie flow 
curve (Figure 2-1-c). For Newtonian fluids n equals unity 
and the fluid consistency index equals the Newtonian vis-
cosity. For pseudoplastic fluids n is between zero and 
unity. The power law also describes the flow curves of 
shear-thickening fluids (dilatant fluids), in which case 
n is greater than unity. Becfuse of the accuracy and 
simplicity of the power law, it is the most widely used 
rheological equation for pseudoplastic fluids. 
The consistency index (power law, K) is very similar 
to Newtonian viscosity in that there is an appreciable de-
crease for an increase in temperature and an appreciable 
increase for an increase in concentration. For suspensions, 
the ratio of K to the viscosity of the suspending medium is 
often nearly constant. The decrease with increasing temp-
erature is often at the same rate as the solvent or sus-
pending medium (118). 
The flow behavior index, n, is relatively constant with 
temperature, although there are slight changes. For water 
dispersible polymers, n increases slightly with temperature 
and approaches unity at high temperatures. As the concentra-
tion of solids or polymer increases, n decreases (118, 128). 
Another temperature effect is that of initial shear stress 
for the onset of non-Newtonian behavior. Philippoff (1L5) 
reports that the higher the temperature, the smaller the 
shear stress at which non-Newtonian behavior commences. 
For polyethylene the initial shear stress is 2000 dynes/cm2  
at 1200C and 500 dynes/em2 at 230°C (145). 
The power law was chosen as the equation used to 
represent the rheological data because: 
1. It has been shown to accurately represent the 
rheological data of the majority of pseudo-
plastic fluids in the shear rate range tn.-
countered in industrial processes. 
2. It is general in that it reduces to Newton's 
rheological law for n=1.0. 
3. It can be used to approximately represent 
other types of flow behavior, such as thix-
otropy and viscoelastieity. 
4. It is a very easy relationship to work with 
mathematically. 
12 
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RHEOLOGICAL INVESTIGATION OF POWER LAW  
FLUIDS  
There are many commercial viscometers available for 
the determination of Newtonian viscosity but very few are 
available for the quantitative determination of shear stress 
and shear rate (97). There are two basic types of visco-
meters which can be used to determine these quantities; a 
capillary tube viscometer and a rotating cylinder viscometer. 
The capillary tube viscometer has a few serious dis-
advantages. The pressure drop corrections are very time con-
suming and a great deal of time is spent in cleaning and 
assembling the apparatus (121). 
The Rotational Viscometer 
Since the rotational viscometer was used in this study 
its use is described in more detail. The exact procedure 
followed and the experimental results are included In 
Appendix A. 
The rotational viscometer is very easy to clean and 
assemble. The data are easily taken and only one correction, 
a constant correction, must be made. Moreover, a model with 
a 200 fold shear-rate range (Brookfield Synchro-Leetrie) is 
commercially available, and was used in this study. The 
rotational viscometer is basically a cylindrical fluid container 
called the cup and a cylindrical bob which is immersed con-
centrically in the cup of fluid. In some models the cup 
(2-5 
rotates at various speeds and the resultant torque on the 
bob is measured. In other models. various torques are applied 
to the bob and the resultant speed of the bob measured. The 
viscometer used in this work was composed of a bob driven by 
a synchronous motor at a constant value of RPM (Eight 
different speeds were possible). The torque required to 
attain the desired speed was measured. 
Shear stress and shear rate. The shear stress at the 
wall of the bob is 
where Ts is the torque required to rotate the bob. 
Rb is the radius of the bob. 
hb is the height of the bob. 
The shear rate in the annular space between the bob and 
cup depends upon the ratio of the radius of the cup to the 
bob, s, the angular speed of the bob, and the fluid parameters. 
For Bingham plastics the relationships are given by Fitch (6L1), 
Wilkinson (213), Green (79), and Van Wazer (196). For power 
law fluids, Krieger and Maron (100) developed an equation for 
the shear rate which is valid to a maximum cup to bob radius 
ratio of 1.2. 
(2-6 
(2-7 
15- 
(2-8 
= Re/Rb 	 (2-9 
where Re is the radius of the cup. 
n" is the slope of a logarithmic plot of torque 
versus angular velocity. 
N is the angular velocity in revolutions per minute. 
The equation of Krieger and Maron can be expended to 
make it applicable to a higher value of cup to bob ratio. 
This has been done by Calderbank and Moo-Young (34), who 
also calculated the numerical values of the additional con-
stants, enabling equation 2-6 to be extended to a cup to 
bob ratio of 1.75. 
A more general solution for power law fluids is given 
by Van Wazer (196) and Wilkinson (213) which can be used 
for any value of s. 
2-10 
where H is any radius in the annular gap between the bob and 
cup. Since a relationship for the shear stress at the bob 
wall is available, equation 2-10 should be solved using the 
radius at the bob. 
(2-11 
For very large values of cup to bob ratio, equation 2-11 
16 
can be simplified to (100, 125, 213). 
(2-12 
For any cup and bob arrangement the cup radius, the bob 
radius, and the equivalent height of the bob are constant. 
The shear stress and shear rate are thus evaluated by 
taking readings of torque versus angular velocity of the 
bob. These values are plotted on log-log graph paper to 
evaluate slope, n". The shear stress and shear rate are 
then calculated using equation 2-5 and 2-11. The power 
law constants, n and K, can be evaluated from a logarithmic 
plot of shear stress versus shear rate. (The slope n should 
be equal to n"). 
End effects. Equation 2-5 is an expression for the 
shear stress on the curved surface of the bob. However, 
when the length of the bob is not very large in comparison 
with the bob diameter the forces on the ends of the cylinder 
may not be neglected. These are usually taken into account 
by considering the aids as extensions of the cylindrical 
height and calling the total the effective height. If 
more bobs of equal diameter but different lengths are 
available the value of the effective height for that bob 
diameter can be evaluated by plotting the torque at con-
stant speed versus bob height and extrapolating to zero 
torque. The absolute value of height at zero torque 
(this height will be a negative value) should be added to 
the actual height to get the effective height (54, 107). 
An easier method of calibrating the bob with a Newtonian 
fluid has been shown to be accurate. A Newtonian fluid of 
known viscosity is placed in the viscometer and the torque, 
angular velocity, and appropriate dimension data taken. 
The shear rate is calculated using equation 2-11 with n" 
equal to unity. The shear stress is then calculated using 
the shear stress-rate relationship for Newtonian fluids 
(2-13 
The effective height is then calculated using equation 2-5. 
Metzner and Otto (125) have shown, that viscometer bobs cal-
ibrated in this manner give accurate values for shear stress 
even when using highly pseudoplastic fluids. 
Turbulence. Equations 2-5 through 2-12 are only valid 
for laminar flow. Above a critical Reynolds Number the 
flow becomes turbulent and the shear stress increases at a 
more than proportionate rate, resulting in an increasing 
apparent viscosity. Van Wazer (196) reports that the 
critical Reynolds number is a function of the linear velocity 
of bob surface, Vb, the clearance between bob and cup, and 
the viscosity of the fluid. 
(2-14 
(2-15 
It was found in this work that the less viscous fluids 
'7 
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suddenly seemed to become more viscous when a large diameter 
bob was used at high speeds. The problem was easily elim-
inated by using a smaller diameter bob, thus greatly reducing 
the linear velocity of the bob at the expense of a small 
increase in clearance. 
Temperature effects. In very viscous fluids the heat 
generated by fluid friction is enough to cause a temperature 
rise. The unwary investigator may then mistakenly report 
pseudoplasticity or thixotropy due to the decrease in 
apparent viscosity which in actuality is caused by the in-
crease in temperature. McKelvey (114) reports that the heat 
generation per unit volume is the product of the shear stress, 
shear rate, 
(2-16 
and conversion factor to heat units. Weltmann (206) has 
derived a complex equation giving the temperature variation 
with radius caused by viscous heating. Heat generation is 
not a problem for low viscosity materials and good temperature 
control. 
Time dependency. Thixotropic fluids may best be measured 
in a rotational viscometer. The shearing stress is determined 
for various times of shear at a constant shear rate. The 
apparent viscosity is plotted versus the natural logarithm 
of the time of shear and the slope is called the "coefficient 
of thixotropic breakdown with time" ( 79). If the slope 
is zero the fluid is not time dependent. 
19 
MIXING OF NON-NEWTONIAN FLUIDS  
The mixing of non-Newtonian fluids in an agitated 
vessel is a unit operation somewhat similar to batch heat 
transfer. It is presented because some of the results of 
the work on mixing can be utilized in developing a correla-
tion for predicting batch heat transfer coefficients. 
Batch heat transfer could be classified as a problem in-
volving the quality of mixing but it is usually considered 
as a separate study . A review of the small amount of work 
on batch heat transfer to non-Newtonian fluids will be 
considered later in this chapter. This section reviews 
the study of power requirements and the quality of mixing, 
Much of the work on fluid flow and heat transfer to pseudo-
plastics in pipes (reviewed in Wilkinson, 213; Metzner, 118; 
and Thomas, 19Q) was theoretical in nature. The geometry 
and flow patterns in an agitated vessel, however, are rather 
complex for this approach. The velocity profile in a pipe 
could be quantitized since it was only a function of wall 
shear stress, average velocity, and rheological parameters. 
In addition the flow was in only one direction. In a mixing 
vessel the flow is three dimensional, the wall shear stress 
is unknown, and the average velocity is not only difficult 
to define, but is dependent upon the rheological properties, 
the speed of the agitator, the shape, dimensions, and position 
of the agitator, and the vessel geometry. Because of great 
number of unknown relationships, which are made even more 
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complicated by a variable viscosity, all of the work to 
date has been experimental rather than theoretical. 
Power Requirements  
Power requirements for Newtonian fluids have been 
studied by many investigators and are summarized in many 
good reviews (12,914,142,158,162,163 ). The approach used 
was to define the variables and use dimensional analysis to 
combine these variables into dimensionless groups. An all 
inclusive analysis is given by (12,158) 
where P is the power required. 
N is the rotational speed of agitator. 
Da is the diameter of the agitator. 
Dt is the diameter of the vessel. 
HI,  is the liquid height. 
He is the clearance between impeller bottom and 
vessel bottom. 
Wa is the width of the agitator. 
Wb is the baffle width. 
nb is the number of baffles. 
nb is a reference number of baffles. 
na is the number of blades on the impeller. 
na 
is a reference number of blades on the impeller. 
2/ 
C4,a1, b1, c1, d1, el, f1, g1, h1, and j1 are all 
  
constants to be evaluated. 
The group to the left of the equal sign is called the 
Power number. The first group to the right is the mixing 
Reynolds number, and the second group to the right is the 
Froude number. The Froude number is required to account 
for the vortex formation in a swirling system. Thus if 
baffles or off-center impeller location is used the Froude 
number is not needed. Most authors have also neglected the 
remaining groups and have specified a different value of 
c4 for each change in geometry. The effects of impeller 
style, blade width, number of blades, impeller pitch, 
impeller clearance, Dt/Da, and spacing of multiple impellers 
have been studied by Bates et al (12). Richards (158) has 
studied the effect of impeller spacing, number and width 
of baffles, number and width of impeller blades, and the 
effects of coils. 
Most of the work on non-Newtonian systems has been 
similar but not as extensive. Brown and Petsiavas (31) 
have investigated the mixing of Bingham plastics. They 
found the Power number was a function of the Reynolds, 
Froude, and Hedstrom numbers. 
2E 
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Schultz-Grunow (174) used a dimensional analysis but 
in a slightly different form for pseudoplastics which could 
be represented by the Prandtl equation 
(2-18 
where APR and CpR are empirical constants. His results are 
plotted as the log(M/Da3  ApR) versus ω/CpR where M is the 
required torque and ω is the angular velocity. This result 
is not very general, however, because the Impellers studied 
are not commonly used and most pseudoplastic fluids are 
best represented by the power law or Powell-Eyring equation. 
Most of the more general work has been concerned with 
finding a viscosity term which can be used for all pseudo-
plastics as well as Newtonian fluids. Magnusson (112) found 
en apparent viscosity for pseudoplastics by first developing 
a Power number-Reynolds number curve using the equipment 
geometry which was to be used for the pseudoplastic fluid. 
He then repeated the experiments with pseudoplastic fluids, 
calculating the Power number for each value of agitator 
speed. By comparing the pseudoplastic data with the 
Newtonian Power number-Reynolds number curve an apparent 
Reynolds number could be calculated for the pseudoplastic 
fluid. The agitator diameter and speed were known as well 
as the fluid density; thus the only unknown, the apparent 
viscosity, could be calculated. While this is a good method 
24 
for determining the apparent viscosity, it is rather time 
consuming and expensive, since it requires much experimental 
work. 
Metzner and Otto (125) used a similar approach, but 
generalized it so that prediction of the apparent viscosity 
can be made directly from the rheological data for any time 
independent fluid. They noted that an agitator in a vessel 
is somewhat analogous to the rotating bob of a viscometer. 
For a viscometer bob rotating in an infinite fluid the 
shear rate is proportional to the bob's rotational speed. 
(2-19 
They reasoned that the shear rate at the agitator of a mix-
ing vessel might also be represented by this equation. If 
this were true and Ks were evaluated the apparent viscosity 
could be determined from the rheological data plotted as 
apparent viscosity versus shear rate. 
Metzner and Otto tested this idea by first determing 
the Newtonian Power number-Reynolds number curve for many 
different system geometries. They then evaluated the 
rheological properties of five non-Newtonian fluids and 
plotted the apparent viscosity versus the shear rate. These 
fluids were then mixed and the power data taken. The apparent 
viscosities were calculated by the method of Magnussen (a 
and the shear rates determined from the rheological curves. 
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The results showed that equation 2-19 was valid and Ks  
equalled 13.0,Godleski and Smith (75), Metzner, et al.(122), 
and Calderbank and Moo-Young ( 34) as well as the data of 
Foresti and Liu (65) support Metzner and Otto's conclusion 
that the shear rate can be expressed by equation 2-19, 
with Ks between 10.0 and 13.0. Metzner et al, (1 made the 
most extensive study and, based on their work and the others 
given above, report that in an agitated vessel the shear 
rate at the impeller can be expressed as 
(2-20 
for these conditions: 
1. Baffled and unbaffled vessels. 
2. For pseudoplastics with flow behavior index between 
0.16 and 1.0. 
3. Tank diameters. 0.5 to 1.83 ft. 
4. Impeller diameters. 0.167 to 0.67 ft. 
5. Tank diameter/Impeller diameter. 1.3 - 5.5 (laminar 
region) 2.0 - 5.5 (transition region) 
6. Impeller speeds 0.5 to 29 rev./sec. 
7. Flat bladed turbines, fan turbines, and marine 
propellers. 
8. For dilatant fluids up to n 1.5 if the Dt/Da is 
greater than 3.0. 
For dilatant fluids with Dt/Da less than 3.0 the shear 
The apparent viscosity is defined by 
The power law can be expressed by 
Therefore 
or 
rate is proportional to the square of the impeller speed 
and the proportionality constant is dependent upon the Dt/Da  
ratio (122). 
Calderbank and Moo-Young (34)  report that dilatants 
may be correlated by 
(2-21 
Obviously, more work must still be done for dilatant fluids 
but the shear rate for pseudoplastics, Bingham plastics and 
Newtonians may be calculated by equation 2-20. 
For the special case of pseudoplastic power law fluids 
the generalized Reynolds number may be calculated. 
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(2-22 
(2-23 
(2-4 
(2-24 
(2-25 
(2-26 
(2-27 
Substitution of equation 2-25 into 2-22 gives 
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Metzner and Otto found that by using equation 2-19 
with the appropriate constant the non-Newtonian power data 
fell on the Newtonian Power number-Reynolds number curve 
in the laminar and turbulent regions. In the transition 
region (N from f 10 to 70) the power required by the pseudo-
plastic fluids was slightly less than the Newtonian require-
ments. Thus, in this transition region the use of the New-
tonian curve gives a conservative estimate of the power 
needed. 
Foresti and Liu (65) defined a modified Reynolds number, 
NRe''' which is supposed to take into account the geometry Re' 
of the system. 
While this Reynolds number seems to reduce the deviation 
due to different geometries the power curves are very de-
pendent upon the value of the flow behavior index. In the 
laminar region all the data are correlated by 
(2-28 
Lee, Finch and Wooledge (104) studied the effects of 
geometrical factors on power requirements. For the viscous 
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fluids studied (apparent viscosities between 3000 and 11,000 
centipoise) there was little effect of baffles on power 
consumption, even at Dt/Da as low as 1.67. Dual impellers 
required twice the power of a single impeller and this re-
mained true for various spacings between the impellers. 
Quality of Mixing
. 
 
The quality of mixing is a very important criterion 
be considered when designing an agitation system, since the 
quality or composition of a product is dependent upon the 
degree to which reactant or temperature fluctuations are 
minimized throughout the vessel. This is especially true 
with many processes involving non-Newtonian fluids, such as 
the heating of food products or the polymerization of a 
monomer. 
Metzner and Taylor (127) studied the flow patterns in 
an agitated vessel in an attempt to learn more about the 
mechanism of mixing in such a system. They suspended 0.02 
inch spheres of Plexiglas in both Newtonian and pseudo- 
plastics fluids and photographed them as the fluid was 
being mixed by a disk and vane turbine. The local velocities 
were calculated by measuring the streak lengths and dividing 
by the exposure time. A plot of the local velocity versus 
radius was differentiated to obtain the local shear rates. 
*Trademark of Rohm and Haas Co. 
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In both Newtonian and non-Newtonian fluids the shear 
rates were found to be directly proportional to the agitator 
speed. There seemed to be an impeller diameter effect which 
was greater for Newtonian than for non-Newtonian fluids. 
The shear rate at a given distance from the impeller is 
slightly greater as the impeller diameter is increased. 
For dilatant fluids the effect might be even greater. 
In the laminar region (NRe'= 7.0) the amount of fluid 
movement is much greater for Newtonian fluids than for the 
pseudoplastics at the same rotational speed, and flow ex-
tends almost to the periphery of the tank for the Newtonians 
while flow is circular and is confined to the region of 
the impeller for the non-Newtonian fluids. 
In the first half of the transition region 
	 about 
10.3) fluid turnover begins for the Newtonian fluids and 
mixing is carried out by the transport and blending. The 
radial velocity increases with rotational speed quite 
rapidly. However, for the pseudoplastics the movement is 
still confined to the center and does not extend to the 
edges of the baffles until the Reynolds number reaches 28. 
At a Reynolds number of 78 the flow is well into the 
transition region and the radial velocity component of the 
pseudoplastic fluids is high and there is an inflowing 
vertical component. The flow patterns for the Newtonian 
fluids aresimilar but the vertical inflow is slightly less 
than for the nonNewtonians. 
As the middle of the transition region is approached 
(NRe'=100) turbulence begins near or between the impeller 
blades. For the pseudoplastics, this turbulence is rapidly 
damped. 
In the turbulent region there is much turbulence near 
the impeller but it is damped out quickly at any distance 
from the impeller. There is not as much turbulence for the 
Newtonian fluids but it extends further into the bulk of 
the fluid. 
In the horizontal plane of the impeller the local vel-
ocities increase slightly more than linearly with rotational 
speed for the Newtonian fluids. For the pseudoplastics the 
increase in velocity is almost exponential. Thus at high 
shear rates the pseudoplastics may flow more than the Newton-
ions while at low rotational speeds the reverse is true. 
Metzner et al.(122) used the onset of fluid movement 
near the vessel wall as a criterion for good mixing. At low 
Dt/Da ratios there is no advantage to using two turbines. 
For values of Dt/Da above 2.0 less power is consumed for 
equal mixing if two turbines are used, since at high values 
of this ratio two turbines circulate twice as much fluid 
as one. 
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The data indicate that propellers are only desirable 
for viscous pseudoplastics at low values of Dt/Da. A fan 
turbine seems to be better than both one or two disk and 
vane turbines except at high values of Dt/Da. The axial 
flow component must aid in mixing normally stagnant regions. 
At high Reynolds numbers the fan turbine loses its ad-
vantage. Table 2-1 lists the minimum Reynolds number re-
quired for movement near the wall for pseudoplastic fluids. 
Mixing is best accomplished in the turbulent regions. 
For pseudoplastic fluids this region is usually confined to 
the center of the vessel. Thus to improve mixing efficiency 
low values of the tank diameter to impeller diameter ratio 
should be used and/or multiple impellers. Dilatant fluids 
are not sensitive to lowering Dt/Da or using multiple im-
pellers (122). 
Lee, Finch and Wooledge (104) injected dye one inch 
above the impeller and noted the time needed for complete 
mixing. Godleski and Smith (75) added a saturated solution 
of phenolphthalein to the fluid and then acid was added. A 
short time later base was added and the time required for 
the indicator to change color was measured. Both groups 
report that the mixing time in baffled vessels was longer 
than in unbaffled vessels. Godleski and Smith report that 
the mixing time (in seconds) is related to the vortex depth, 
Hy, and the impeller diameter by 
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TABLE 2-1 
MINIMUM REYNOLDS NUMBER NEEDED 
TO ACHIEVE MOVEMENT NEAR A VESSEL WALL FOR 
PSEUDOPLASTIC FLUIDS 
Dt/Da  SINGLE 
TURBINE 
TWO 
TURBINES 
FAN 
TURBINE 
PROPELLER 
4.8 64o 
3.5 300 90 
3.0 270 120 
2.4 75 
2.3 320 
2.1 160 70 
2.0 110 50 
1.75 50-55 
1.50 90 200 
1.40 40-45 
1.33 5o 3o 
1.17 40-45 
1.05 35 
1.02 35 
32 
*
Data from Metzner et al. (122) 
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(2-29 
when both the distances are measured in inches. 
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METHODS OF STUDY OF BATCH HEAT TRANSFER  
USED BY PREVIOUS AUTHORS  
Experimental Work 
The experimental portion of the work in. developing a 
correlation is the measurement of data needed to calculate 
the batch heat transfer coefficients for a variety of con-
ditions. The basic equipment used is a jacketed vessel 
equipped with a variable speed motor or drive and provisions 
for measuring the jacket and batch temperatures (and possibly 
the wall temperature). The tank is sometimes equipped 
with baffles, usually four with a width equal to 1/10 to 
1/12 the vessel diameter. The vessel is often constructed 
of stainless steel to enable corrosive materials to be 
tested and also to help prevent fouling. The diameter of 
the vessels used to date has varied from one to five feet. 
The most frequently tested impellers are paddles, disk and 
vane (straight blade turbines) and retreating blade turbines, 
marine propellers (down thrusting), and anchors. There is 
usually a relatively close clearance (an inch or less) be-
tween the vessel floor and walls and the anchor type im-
peller although sometimes there is more clearance. The 
standard position for the other impellers is about one third 
the liquid height. 
The temperature of the batch is usually measured in 
about three different locations to ensure complete mixing. 
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Thermometers or thermocouples are used in the batch and 
thermocouples are also used for the jacket space tempera-
ture. If the wall temperature is desired the junction of 
a thermocouple is soldered or peened into a small groove 
in the vessel wall (or coil). The surface is sanded smooth 
and the wires lead out of the vessel through the liquid and 
out the top. 
If a jacketed vessel is equipped with a coil, steady 
state experiments can be made with the heating (or cooling) 
rate of the jacket balanced by the cooling (or heating) 
rate of the coil (37,39). The temperature of the jacket, 
coil, and batch thus remain constant. Most authors, how-
ever, have used an unsteady state method where readings of 
the batch and jacket (or wall) temperatures were taken 
versus time as the batch was heated, or cooled. The latter 
method has the disadvantage of changing fluid properties 
while the former has the disadvantage of not being able to 
determine the heat transfer coefficients of a jacketed 
vessel in which the flow patterns are not disturbed by the 
presence of a coil. Balancing the heat transfer rates between 
the coil and jacket is also a time,consuming task. 
Calculation of Heat Transfer Rate  
The amount of heat which is transferred per unit time 
in the steady state system can be calculated from the product 
of the enthalpy change of the medium in the jacket and the 
flow rate of this fluid, the enthalpy change-flow rate product 
of the fluid flowing through the coil, or an average of 
these two values. It must be remembered, however, to 
correct for heat exchange between the jacket fluid and the 
surroundings. 
For the unsteady-state experiment the heat transferred 
can be calculated from the product of the flow rate of the 
heat transfer medium and its enthalpy change. This value 
must be corrected for heat losses to the surroundings and 
the gain in heat content of the vessel. If steam is the 
heating medium in the jacket the condensate flow-rate must 
be measured as well as its temperature. It is this author's 
experience that this flow rate is not constant during a 
heating run and thus the condensate collected during one 
time interval, had actually condensed during an unknown 
previous time interval. Hence,its measurement is subject 
to large errors. If the heating or cooling medium is water 
the flow rate is usually very high in an effort to keep the 
heat transfer surface at a constant temperature over its 
entire surface at any one time. Therefore the actual 
change in temperature of the flowing fluid is kept small. 
This also leads to large errors because a fraction of a 
degree error in the inlet and outlet temperature readings 
is often a large fractional error of the actual temperature 
change. In addition to these errors there are the problems 
of calculating the heat losses to the surroundings and the 
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gain in heat content of the vessel. 
A second method of calculating the quantity of heat 
transferred is to calculate the change it enthalpy of the 
batch. There are three corrections which must be taken 
into account. 
1. The heat losses from the surface of the 
fluid. 
2. The mechanical energy input from the agitator. 
3. The gain in heat cent nt of the impeller and 
shaft. 
There is usually at least 20 percent vapor space during a 
heat transfer experiment and the vessel is covered with an 
insulated lid. If the temperature of the batch does not 
approach the boiling, point the heat losses from the surface 
are negligible. The mechanical energy input to the system can 
be calculated if power measurements are made (they usually 
are). However, the mechanical energy input is significant 
only if very viscous fluids are being agitated. The gain 
in heat content of the impeller and shaft is also negligi- 
ble because of their small weight and heat capacity in 
comparison with that of the batch fluid. The temperature 
change of the batch can be chosen large enough so that 
errors in measuring it are small. It is this author's 
opinion that this second method is the most accurate means 
of determining the heat transfer ratee 
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Calculation of Batch Heat Transfer Coefficients 
If the jacket temperature was measured, the batch heat 
transfer coefficients may be calculated by first calculating 
the overall heat transfer coefficient using equation 1-1 
and then determining the batch heat transfer coefficient 
using equation 1-2 (32,49,182). In order to use this equation 
the fouling factor, 1/hf, the medium heat transfer coefficient, 
hm, and the resistance of the wall, 	 must be determined. 
The resistance of the wall may be calculated using the values 
of wall thickness and thermal conductivity. The fouling 
factor may be estimated from a knowledge of the condition 
of the heat transfer surface. The fouling factor is usually 
neglected on the basis of visual observation of the inside 
of the jacket. If condensing steam is the heating medium 
the film coefficient of the medium is often estimated to 
be about 2000, based on measurements for pipes. The batch 
heat transfer coefficient, h, is then the only unknown in 
equation 1-2 and can thus be calculated. If water is the 
heat transfer medium the estimation of hm becomes more diffi-
cult. Heat transfer coefficients for liquids are much lower 
than for condensing gases and depend largely upon velocity. 
Very little work has been done in the field of correlations 
for the prediction of heat transfer coefficients for the 
jacket side of jacketed vessels. 
Many investigators use the Wilson method to determine 
the sum of resistances to heat transfer on the heating or 
(2-33 
cooling medium side, the heat transfer wall, and that 
caused by fouling (30, 150, 194). If the flow rates of 
the heat transfer medium are approximately the same for 
all the heating (or cooling) runs and there is no evidence 
of fouling or corrosion of the heating surface the sum of 
these three resistances,ΣRH, may be assumed to be the same 
for all heating (or cooling) runs. Thus equation 1-2 may 
be written as 
1/U = ΣRH + 1/h 	 (2-30 
for the heating runs and 
1/U =ΣRc 
	
1/h 	 (2-31 
for the cooling runs, where ΣRH and ΣRc are the sums of the 
constant resistances for heating and cooling respectively. 
Thus the only factor that changes the overall heat transfer 
coefficient, U, is a change in the batch heat transfer co-
efficient, h. 
Previous authors have reported that h is a function 
of the Reynolds number raised to the 2/3 power. 
∝
 NRe^2/3 (2-32 
Thus equation 2-30 (or 2-31) may be written 
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The sum of the resistances, ΣRH, can thus be found by 
2/3 plotting the values of 1/U for the heating runs versus 1/NRe 
and extrapolating the curve to zero. 	 is the value of the 
2/3 ordinate when 1/NRe 	 is zero. ΣRc can be evaluated in a 
similar manner by plotting the data for the cooling runs. 
Once the resistances are evaluated the batch heat transfer 
coefficients may be calculated from equations 2-30 and 2-31. 
There are several serious disadvantages using the above 
methods for calculating the batch heat transfer coefficients. 
1. The temperature of the jacket fluid must be known 
accurately. It was found in this work that the 
temperature of the steam entering the jacket was 
often about 1080C and the temperature of the 
condensate was about 90° to 95°0 C. In this case, 
which temperature should be used? 
2.. In the above case part of the jacket had a con-
densing steam film while part had a water film. 
Is one justified in assuming a condensing steam 
film for the entire area? 
3. The heat transfer coefficient is a function of 
the Prandtl number, viscosity ratio, end geometrical 
factors. These could produce much scatter on a 
Wilson plot if not held constant. 
L. The 2/3 power is not necessarily the proper ex-
ponent for the Reynolds number. Pursell (150) re- 
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ports a value of 3/4. He then replotted Dial's 
3/4 (194) data on a Wilson plot using 1/NRe 	 as the 
abscissa and found the ΣRc was .020. Uhl (194)  had 
2/3 
used 1/NRe 	 and found ΣRc to be .010. Thus the 
Wilson plot method is very dependent upon the 
form of the abscissa (and personal choice of the 
investigator). Small errors in the estimation 
of the steam coefficient often are not manifest 
in the result for the batch heat transfer co-
efficient since the former is very small compared 
to the latter. However, if water is the heat trans-
fer medium the surface coefficient of heat transfer 
on the jacket side is much smaller and thus errors 
in the estimation of the jacket resistance result 
in errors of like magnitude in the calculated batch 
heat transfer coefficient. 
A second method of calculating the batch heat transfer 
coefficient is to measure the wall temperature of the heat 
transfer surface and calculate, h from 
(2-34 
where ∆Ts-b is the temperature drop between the heat trans- 
fer surface and the temperature of the batch (39,58, 76, 137 ). 
This is not without disadvantages, but it is the belief of 
this author that with care, this method is more accurate 
than estimating the resistance of the jacket. The major 
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disadvantage is the installation of the thermocouples so 
that the junction measures the heat transfer surface and 
does not disturb the heat flow through the wall. By proper 
installation techniques, however, this can be closely 
approximated. In some cases the thermocouple junction has 
been embedded in the wall rather than at the surface. How-
ever, if the exact position of the junction and the thermal 
conductivity of the wall is known the results can be 
corrected to give the surface temperature. 
The Correlation of Results  
The correlation of the data is difficult because of 
the large number of variables. A few authors used a 
method of plotting the Nusselt number versus a dimension-
less group on logarithmic coordinates, keeping all the var-
iables constant (39, 58, 137,150). Once the effect of 
"group 1" has been determined the Nusselt number, divided 
by the "group 1" effect, is plotted versus "group 2".  
The effect of "group 3" is found by plotting the Nusselt 
number, divided by the product of the "group 1" and "group 
2" effect, versus "group 3". There are disadvantages to 
this method since it is very difficult, experimentally, to 
change the value of only one dimensionless group at a time. 
Some authors seem to have assumed that the Chilton (39 
equation and exponents are accurate and thus use his ex-
ponents for some of the dimensionless groups and by plotting 
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find the effects of one or two other groups (30,32). 
These methods leave much to be desired because there 
is much scatter in most of the experimental data and fitting 
a straight line "by eye" is an almost hopeless task. Due 
to the scatter of the data the slope of the line drawn to 
represent the data is subject to human error and choice. 
This is evidenced by the large number of "recalculations" 
reported in the literature. 
A more scientific approach to the task of correlating 
the experimental data is to use a "least squares" method 
of mathematically fitting a straight line through a set of 
data points (49,1). For the many variables such as obtained 
in a heat transfer study a multiple variable regression 
analysis is described by Levenspiel et al. (A) and Volk 
(l98). This method eliminates the problem of strict ex-
perimental control because it provides an objective and 
reliable estimate of the true values of the exponents. 
SUMMARY OF LITERATURE RESULTS FOR 
BATCH HEAT TRANSFER TO NEWTONIAN FLUIDS 
The study of heat transfer coefficients to fluids in 
agitated vessels is a complex problem. The many variables 
involved make it very difficult for rigorous mathematical 
analysis and thus the methods of dimensional analysis have 
been used. The dimensional analysis yields (18 
(2-35 
where D is the vessel diameter. Da
 is the agitator diameter. 
k is the thermal conductivity of the batch fluid. 
is the viscosity of the batch fluid. 
e is the density of the batch fluid. 
Cp is the heat capacity of the batch fluid. 
1 	 is the rotational speed of the impeller. µ
w
 is the viscosity of the batch fluid evaluated 
at the wall temperature. 
Wa is the width of the impeller blade. 
HCH is the center height of the impeller above the 
- 
vessel floor. 
Wb is the width of the baffles. 
nb is the number of baffles. 
nb*  is a reference number of baffles. 
na is the number of blades on the impeller. 
na
* is a reference number of impeller blades. 
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The group to the left of the equal sign is called the 
Nusselt number. The first group to the right is the mixing 
Reynolds number, the second is the Prandtl number, and the 
third is a viscosity correction factor similar to the one 
used by Sieder and Tate (181) in pipes. Very few investigators 
have studied the effects of the remaining groups. 
The results of most of the work done in the field of 
correlation of heat transfer rates in jacketed agitated 
vessels to Newtonian fluids can be summarized by equation 
(2-36 
A survey of the experimental conditions and correlation 
results of the papers published to date for the jacket and 
coil types of heat transfer surfaces shows that the exponent 
of the Reynolds number is usually reported as 0.67 although 
it varies from 0.5 to 0.75. Likewise, the exponent of the 
Prandtl number is usually reported as 0.33 but varies from 
0.25 to 0.50. The viscosity ratio exponent varies between 
0.14 and 0.90 with the majority reports about 0.14. The con- 
stant, C, varies over a wide range, from .035 to 39.0 and is 
probably a function of the impeller type and system geometry. 
One author (160) reports C to be a function of Reynolds 
number. This function is different for each type of impeller. 
Another author (137) reports that the exponent of the viscosity 
correction factor is a function of the batch viscosity. In 
summary, the equation is usually reported 
(2-36a 
Viscosity Ratio Exponent  
A review of the literature shows some interesting 
effects. In addition to the exponent of the viscosity 
ratio possibly being dependent upon the viscosity it may 
also be dependent upon the height of the agitator. For 
turbines, Uhl (194)reports that the exponent is 0.18 when 
the impeller is about 16 percent of the fluid depth above 
the floor. At 33 percent he reports an exponent of 0.2). 
Dunlap and Rushton (58 ) report an exponent of 0.40 when 
the agitator is positioned one half the distance between 
the vessel floor and the surface of the fluid. However, 
other authors report an exponent of 0.14 at 33 percent and 
thus the trend cannot be determined on the basis of present 
data. 
Impeller Positions  
In the same experiment with turbines in which Uhl (194) 
reported an increase in viscosity ratio exponent with an 
increase in relative impeller height, he also reported an 
18 percent increase in the value of the heat transfer 
coefficient. However, he only noted these effects when heat-
ing the batch fluid. Rushton et al. (161)  reported that 
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the highest heat transfer coefficients were obtained when 
the impeller was positioned at 50 percent of the liquid 
height. Skelland (182) studied the effect of impeller 
height using upthrusting propellers. He reports that 
(2-37 
where HcH is the center height of the impeller from the 
floor of the vessel. Thus, he obtained greater coefficients 
when the impeller was closer to the floor of the vessel. 
Uhl and Vosnick (195) summarized the effects of clearance 
between an anchor agitator and the walls and floor of a 
vessel, as determined by Uhl, Brown et al. (32),and Huggins 
(92). The results are reported as the ratio of h at the 
specified clearance ratio to h for a clearance ratio of 
0.02. The clearance ratio, Hc/Dt, is the ratio of the 
clearance distance to vessel diameter. At zero clearance 
ratio (scrappers are used) the relative heat transfer co-
efficient is 1.14 for thin fluids and up to 1.50 for more 
viscous fluids. For pseudoplastics the relative h is as 
high as 4.0 or 5.0. Between zero clearance and 0.02 
clearance ratio the relative h varies between 1.37 and 1.03. 
At a clearance ratio of 0.02 the relative h is by definition 
1.0. As the clearance ratio increases the relative h in-
crease up to about 1.25 at a clearance ratio of 0.080. Uhl 
and Vosnick explain the increase in relative h at high 
clearance ratios as being caused by turbulence. At 0.02 
clearance ratio there is little or no turbulence. At very 
small clearance the high shearing force at the wall increases 
the relative heat transfer coefficient. 
Baffles  
Brooks and Su (30) studied the effects of baffles. Be-
low a Reynolds number of 400 the baffles had no effect but 
above 400 there was a 37 percent increase in the heat trans-
fer coefficient. This increase was independent of the number 
(one, two or four) of baffles used. Ackley (1) reports that 
using four baffles his data support Brooks and Su. Uhl 
(194) reports that baffles had no effect in the Reynolds 
number range of 25 - 4000. Chilton (39) reports that removal 
of his coil did not seem to effect the heat transfer rate of 
the jacket. Oldshue and Gretton (137) report that when the 
baffles were placed 1 inch off the wall or between the coil 
and the impeller the heat transfer coefficients are 5 percent 
lower than when the baffles are at the wall. 
Impeller Geometry  
Using a coil as the heat transfer surface, Cummings 
and West (49) found that using two retreating blade turbines 
did not increase the heat transfer coefficient but suggested 
that this is probably because the fluid height was equal to 
only one vessel diameter. For a greater fluid height the 
second impeller would be expected to increase the coefficient. 
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A pitched blade turbine gave coefficients about ten percent 
lower than the retreating blade turbine and reversing the 
flow direction of the pitched blade turbine did not increase 
the heat transfer rate. Oldshue and Gretton (137) using a 
coil, report that a rotating impeller causes two phenomena: 
a. Turbulence in the region of the impeller and 
its wake. 
b. Bulk fluid flow. 
Both these phenomena are needed for good heat transfer, but 
bulk fluid flow is probably more important. An increase in 
the impeller diameter to vessel diameter ratio at constant 
Reynolds number, should increase the bulk flow component at 
the expense of the turbulence component. Thus the heat trans-
fer coefficient should increase with increasing diameter 
ratio. They report 
(2-38 
which is in accordance with their theory. Pursell (150) and 
Ruckenstein (160) using jackets, and thus the vessel wall as 
the heat transfer surface, report that the heat transfer co-
efficient decreases with increasing diameter ratio. Their 
data indicate 
(2-39 
(2-40 
(2-41 
(2-42 
(2-43 
respectively. These contradicting results may be results 
of complex interactions between the geometrical dimension-
less groups. 
As the width of the Impeller blade increases one 
would expect the heat transfer coefficient to increase. 
Pratt (149 reports 
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where wa is width of the impeller blade and 
pH is the diameter of the coil helix. 
Pursell (150) reports 
where Da is the impeller diameter. a 
Coil Geometry  
Oldshue and Gretton (l37) report that when a coil is 
used as the heat transfer surface the coil geometry is 
important. A wider coil spacing gives a slightly lower 
heat transfer coefficient and this effect becomes more 
prominent as the viscosity increases. A decrease in the 
tube diameter increases the heat transfer coefficient. 
Reproducibility and Accuracy of  Correlations in Literature 
 
In summary it may be stated that much study has been 
51 
done on the correlation of heat transfer coefficients in 
agitated vessels, but that many differences or even con-
tradictions exist among the present correlations. Some of 
the difficulty may be due to the problems of obtaining 
accurate data. Chilton et al. (39) report that duplicate 
results for heating and cooling water have an average 
deviation of 17.5 percent. Brooks and Su (3)  report re-
producibility of ±20 percent for water and corn syrup and 
±5 percent for motor oil. Cummings and West (49) claim that 
their correlation in 90 percent of the cases it is used will 
predict the batch heat transfer coefficient within 20 percent 
of its true value. 
STUDIES OF BATCH HEAT TRANSFER 
TO NON-NETONIAN FLUIDS REPORTED IN LITERATURE  
To date only two papers have been written on the cor- 
relation of batch heat transfer coefficients in agitated 
vessels. 
Work of Thomas Blanchard  and Ju Chin Chu 22) 
Thomas Blanchard and Ju Chin Chu studied heat transfer 
to pseudoplastic fluids in an agitated tank (156). They 
performed heat transfer experiments on aqueous solutions 
of 2.0 percent hydrolyzed polyacrylonitrile, 3.5 percent 
polyvinyl alcohol, and 2.0 percent polyacrylamide in a three 
gallon stainless steel vessel equipped with both jacket and 
coil. The vessel diameter was 10 5/16 inches and a 4.5 x 1.0 
inch paddle was the impeller. They used the steady state 
method and determined the heat transfer coefficients by 
measuring the wall temperatures. The exponents of the 
Reynolds and Prandtl numbers were assumed to be 0.67 and 
0.33 respectively and the effect of the viscosity ratio was 
found by plotting NNu/NRe0.67 Np0.33 versus the viscosity 
ratio. 
The equation of Williamson (eq. 2-1) was used to 
correlate the rheological data. The apparent viscosity at 
infinite shear varied from 2 to 13 centipoise and at zero 
shear from 7 to 355 centipoise. The infinite shear viscosity 
was used in the Reynolds and Prandtl number. The viscosity 
ratio used was #µ∞/µo, ie the viscosity at infinite shear 
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evaluated at the wall temperature divided by the viscosity 
at zero shear evaluated at the bulk temperature. Blanchard 
thus assumes that the shear rate at the wall is very high and 
the shear rate in the remainder of the vessel is low. He 
points to the work of Chu et al. (41 ) on heat transfer 
µ∞/µo through tubes where the 	 µ0 was found to adequately 
correlate the data. He failed to realize the vast difference 
between a pipe and an agitated vessel. In a pipe the greatest 
shear rate is at the wall. However, in an agitated vessel 
in which the Da/Dt ratio does not approach unity the high 
shear rates are in the impeller region and the shear rates 
at the wall are very low. 
Blanchardts results for the Reynolds-number range 
3000 - 90,000 are: 
For the coil 
where x is a function of the Reynolds number 
xc is about - 0.2 at NRe = 5000 and 
- 0.007 at NRe = 45,000 
xi is about 0.1 at NRe = 4,500 and 
0.02 at NRe = 26,000 
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The estimated accuracy is ±17% and ±20% for the jacket 
and coil respectively. 
There are five criticisms or limitations to this 
work. 
1. The wall velocity term was chosen on an unsound 
basis. 
2. The viscosity term in the Reynolds and Prandtl 
numbers does not take into account changes of appar-
ent viscosity with changes in agitation rate. 
3. Only one impeller was used, 
b. The viscosity range covered is limited. 
5. The viscosity ratio term does not revert to the 
one generally accepted for Newtonian fluids as 
µ∞, approaches µo . 
Work of Salamone et al (165)  
The second work on this subject, dealing with jacketed 
vessels only, was done by J. J. Salamone, A. Cristaldi and 
A. Korn. 
Salamone et al. studied the heat transfer characteristics 
of power-law pseudoplastics, with flow behavior indexes vary-
ing from 0.33 to 0.77, in a 12 inch diameter stainless steel 
vessel, using a four inch flat bladed turbine with six blades. 
The heat transfer runs were of the unsteady state variety 
and the Wilson plot method was used to calculate the batch 
heat transfer coefficient. The results were cross plotted 
(2-26 
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(2-46 
where m is the consistency index factor used for flow in 
pipes (118). 
(2-L7 
The generalized Reynolds number range covered was 83 to 
1286 and the fluid consistency index, evaluated at the 
average bulk temperature, ranged from 0.0146 to 0.609 
lbfsecn/ft2. Equating the generalized Reynolds number to 
the Newtonian Reynolds number shows that the apparent vis-
cosity used in the above correlation is 
(2-48 
which is very similar to the apparent viscosity in pipes 
if N is substituted by V/D. As reported earlier in this 
chapter, Metzner and his co-workers have experimentally 
determined that the apparent viscosity in agitated vessels 
could best be represented by 
(2-25 
and that the Reynolds number be expressed as 
The Salamone (165) correlation is an improvement over 
Blanchard's equation since it does have a viscosity term 
which changes with agitation rate but the exact form is 
not the best suggested by the literature. This study was 
also limited by the use of only one impeller and a small 
Reynolds number range. Neither of these two studies was 
based on a new dimensional analysis but only modified the 
results of the Newtonian dimensional analysis. 
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CHAPTER 3  
DEVELOPMENT OF CORRELATIONS  
Theoretical Correlation 
In a baffled vessel agitated by a propeller the flow 
of fluid is essentially axial. That is, the propeller 
causes a downward flow of fluid. Near the bottom of the 
vessel the fluid is forced, radially; and then it flows 
up along the side of the wall (95, 117). Near the 
fluid surface the fluid flows radially toward the center 
and then down through the eye of the impeller as shown 
in Figure 3-1. There is a very turbulent region in 
the region of the impeller, but the flow is essentially 
laminar along the wall. In a well-agitated, jacketed 
vessel there is sufficient mixing that the vessel con-
tents are at essentially the same temperature throughout 
the batch. There is one exception; the laminar fluid 
layer along the walls of the vessel is under a temperature 
gradient which is assumed to be essentially constant along 
the length of the wall. The greatest resistance to heat 
transfer is the laminar sublayer at the wall. Once the 
heat is transferred through this layer it is uniformly 
distributed by means of the bulk flow and turbulence near 
the impeller. 
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HEAT TRANSFER 
FIG 3-1 
FLOW PATTERNS IN PROPELLER AGITATED BAFFLED VESSEL 
Near the wall the temperature gradient is negligible 
in the 0 and z directions compared to that in the r direction. 
The velocity gradient in the & direction is negligible 
while the velocity gradient in the r direction is the most 
important. The velocity gradient in the z direction is 
negligible except at the top and bottom where the radial 
flow takes place. Since only the major portion of the 
wall is being considered, the velocity gradients in the z 
direction will be neglected. (The experimental portion of 
this paper developed heat transfer data taken in a vessel 
with both the cylindrical wall and the bottom jacketed. 
However, the theoretical analysis only considers the cylin-
drical wall portion of the heat transfer surface. A more 
complete analysis would lead to the same final equation for 
correlating experimental data.) 
In general, the equations for the conservation of 
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momentum, mass, and energy may be written. For flow in 
the z direction the equation of motion is (21) 
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(3-1 
For the model being considered in the region near the wall: 
1. The flow is assumed to b constant 
time, therefore 
2. The velocity gradients in the 9 and z 
directions are assumed to be zero. 
3. The velocity in the 9 direction is assumed 
to be zero. 
For a power law fluid γ=kj^n . 	 Therefore, 
The equation of motion for this model is thus 
The continuity equation is (21) 
(3-2 
(3-3 
(3-4 
(3-5 
For the model with negligible velocity gradients in the z 
(3-8 
(3-9 
(3-10 
(3-11 
and θ directions and constant density, the equation becomes 
(3-7 
In the system being considered the mechanical energy input 
is negligible compared to the heat transferred through the 
walls. The energy equation for this case is (21) 
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The temperature gradients in the e direction are zero, 
and the temperature gradients in the z direction are also 
assumed zero. Therefore equation 3-8 reduces to 
Equations 3-5, 3-7 and 3-9 thus describe the model 
discussed above. These equations cannot be solved since 
the velocity and temperature gradients cannot be expressed 
analytically. However, the system can be characterized by 
solving the equations dimensionally. 
The following dimensionless variables are defined by 
Bird, et al. (21) as 
6/ 
(3-12 
(3-13 
(3-14 
(3-15 
(3-16 
(3-22 
where V is a characteristic velocity which can be quantitatively 
evaluated. For an agitated vessel, NDa is such a velocity. 
Da is the diameter of the impeller and N is its rate of 
revolution. 
Solving equations 3-10, 3-11, 3-12, 3-13 and 3-14 for 
the variables in equation 3-5 
(3-17 
(3-18 
(3-19 
(3-20 
(3-21 
Equation 3-5 also has differential terms. Equation 3-22 
is valid since it is an identity. 
Rearranagement of terms yields 
(3-23 
(3-24 
(3-29 
'Multiplying the right side of this equation by Vz*/Vz* and 
r**/ r** does not change the value of the right side since 
each of these ratios is equal to unity. 
6 2 
The value of dvz/dvz* is found by differentiating equation 
3-20 
(3-25 
The value of dr**/dr is found by differentiating equation 
3-10 
(3-26 
Thus dvz/dr = (dVz*,d/r**) (V/Da) 	 (3-27 
Similar manipulations are used to evaluate the other 
differential terms in equation 3-5. They are summarized by 
(3-28 
equations 3-28 and 3-29. Equation 3-29 is slightly more 
complicated since the product of two variables must be 
differentiated. 
Substitution of the dimensionless variables yields 
Substitution of these dimensionless values into equation 
3-5 yields 
Dividing both sides of equation 3-30 by V2/Da and com-
bining terms yields 
(3-31 
The only variables with dimensions remain in two groups, 
each of which is dimensionless. 
The first group, K/eV2-n Dan, is the reciprocal of 
the mixing Reynolds number. This is more easily seen if 
NDa is substituted for V. 
(3-32 
(The double primes, NR, are used to denote "generalized" 
Reynolds number based on this analysis. Single primes, 
NRe, refer to Metzner's generalized Reynolds number, eq. 
2-26). The mixing Reynolds number for Newtonian fluids is 
(12) 
63 
64 
(3-33 
The second group is the reciprocal of the Froude number 
(3-34 
For baffled vessels there is no vertex, hence gravitational 
forces and the Froude number are unimportant (21). Equation 
3-31 thus reduces to 
(3-35 
The solution of the equation of motion is thus dependent 
upon the value of the Reynolds number. Schlichting (171) 
recommends eliminating the Reynolds number from the equation 
of motion in order to make the solution more general. The 
solution will then be valid for any Reynolds number for a 
given geometrical system. 
The Reynolds number may be eliminated from the equation 
of motion by defining the dimensionless variables r* 
 and Vr*  
as 
(3-36  
(3-37 
Acrivos et. al. (3) extended Schlichting's method to power 
law fluids by using 1/(n+ 1) as the exponent of the Reynolds 
number. Thus, Acrivos, by analogy to Newtonian flow, used 
(3-38 
(3-39 
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1/(n 4- 1) and was able to eliminate the Reynolds number from 
the equation of motion. For the Newtonian ease (i.e. n=1.0) 
1/(n+1) is 0.5 and thus Acrivosts method reverts to 
Schlicting's 	 thod. 
In order to solve the equation for conservation of 
energy (3-9) dimensionally, the equation of motion and con-
tinuity must be solved dimensionally for Vr. The method of 
Aerivos is used to allow the solutions of the equations of 
motion and continuity to be independent of the Reynolds 
number. 
The dimensionless variables r* and Vr* are thus defined 
Solving for r and V, in terms of the dimensionless 
variables gives 
(3-)4.0  
(3-41 
The other variables in equations 3-5, 3-7 and 3-9 
which must be redefined in terms of dimensionless variables 
are t and T (z, Vz and p have already been redefined in 
equations 3-18, 3-20, 3-21). Solving equations 3-15 and 
3-16 yields. 
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(3-42 
(3-43 
In order to dimensionally solve equations 3-5, 3-7 and 
3-9 the differentials must also be expressed using dimension-
less variables. This is done using the method described by 
equations 3-22 to 3-27. dp/dz has already been redefined 
in equation 3-28. The remaining differentials are redefined 
as 
(3-44 
(3-45 
(3-46 
3-L7 
(3-48 
(3-49 
(3-50 
(3-51 
(3-52 
(3-53 
(3-54 
(3-55 
(3-56 
(3-57 
All of the variables and differentials are now redefined 
in terms of dimensionless variables. Substituting these 
variables into equation 3-5 gives 
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The Froude number may be neglected for the same reason it 
was eliminated from equation 3-31. The equation of motion 
is thus 
Thus Vr is only a function of n. 
Substituting the variables into equation 3-7 gives 
(3-58 
(3-59 
which reduces to 
(3-60 
(3-61 
where the group 
Therefore 
Ls the Peclet number, Npe. 
3-62 
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Substituting the variables into equation 3-9 gives 
The local heat transfer coefficient, hL is defined 
as (21) 
(3-63 
where QL is the local heat transfer rate. 
Ts is the temperature of the heat transfer surface. 
is the temperature of the bulk of the fluid. 
Using Fourierts law for heat conduction 
(3-64 
Since LT*/Lr* is a function of 
3-62 and Vr* is a function of n the dim 
reveals that the Nusselt number is 
(3-70 
as shown in equation 
dimensional analysis 
The average heat transfer coefficient h, is defied 
by equation 3-63 if the total heat transfer rate, Q1 Is 
substituted for QL and the total heat transfer area for 01A. 
The total heat transfer rate is calculated by summing 
up these local heat transfer rates over the whole area of 
heat transfer. 
A 
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Substituting the dimensionless variables 
Substituting equation 3-68 for Q in equation 3-63  
(3-65 
(3-66 
(3-67 
(3-68 
3-69 
Rearranging gives the average Nusselt number, NNu 
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(3-71 
The ratio Dt/HL is a constant for all the heat transfer data 
taken and thus has no meaning for the enclosed data. The 
EL/Da term could be used as such, however the fluid height 
was not varied and thus EL is a constant. Other authors 
(137, 150, 160) have correlated data using Dt/Da and the 
use of this group is useful for sake of comparison. Since 
Dt is a constant it may be substituted for HL. Equation 
3-71 may thus be written. 
(3-72 
The original set of equations was set up assuming a 
constant fluid consistency index, K. However, in practice 
the consistency at the wall is usually quite different from 
the consistency of the batch because of the large temperature 
gradient. A fourth dimensionless group, K/Kw, is thus in-
troduced to correct empirically for the consistency index 
dependence upon temperature. The use of K/KW has been 
successfully used in similar problems in both Newtonian and 
non-Newtonian systems. 
Although the exact form of the function in equation 
3-72 is not known, it is assumed that equation 3-73 will 
represent the dimensionless groups in a form that can be 
correlated: 
(3-32 
(3-76 
7/ 
The same form has been found successful for the results of 
many other dimensional analyses (21). 
The Peelet number can be written as the product of the 
Reynolds number and the Prandtl number, provided the apparent 
viscosity used is the same in both. 
which can be written 
if NDa is substituted for V. 
The Reynolds number was previously defined as 
(3-74 
(3-75 
An apparent viscosity may be obtained by equating 
equation 3-32 with equation 3-33 and solving for the vis-
cosity. Since this term is not a true viscosity, it is 
called an apparent viseosity,µa. 
With equation 3-76 as the definition of the apparent vis-
cosity, the Reynolds number is defined by equation 3-32 
and the Prandtl number by 
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(3-77 
(3-78 
(3-79 
(3-80 
Substituting these terms in equations 3-75 and 3-73 and 
placing the Prandtl number in the numerator, as for Newtonian 
correlations, yields 
Equation 3-79 then characterizes heat transfer to power law 
fluids being agitated by geometrically similar marine 
propellers. This characterization is based on a model which 
is believed to represent the flow patterns fairly accurately 
If the impeller geometry changes; that is, if the vertical 
width of the impeller is increased the flow will increase 
and thus a higher Nusselt number will result. Equation 
3-79 may be expanded to correct for geometrically unsimilar 
impellers by adding a sixth dimensionless term, Wa /Da,  where 
wa is the impeller width. 
Other geometry effects could be taken into account by adding 
more dimensionless groups such as found in the dimensional 
analysis for Newtonian fluids as presented in equation 2-35. 
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Semi-Empirical Correlation 
Metzner has shown that the shear rate in an agitated 
vessel is related to the agitation rate of the impeller 
(2-20 
as discussed in Chapter 2 and thus the apparent viscosity 
could be defined. 
(2-25 
It was felt that using this apparent viscosity in place of 
the Newtonian viscosity in the Reynolds and Prandtl numbers 
of the Newtonian fluid correlation would yield a correlation 
suitable for power-law fluids. The Reynolds and Prandtl 
numbers evaluated using this apparent viscosity are desig-
nated as NRe' and NPr' respectively. The correlation was 
expressed as 
(3-81 
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CHAPTER 4 
EXPERIMENTAL PHASE OF THIS THESIS  
A large portion of the effort to develop an experi-
mental correlation is devoted to collecting data. The 
equipment needed for the experimental portion must be 
designed-procured, set up, and tested. This chapter 
describes the equipment used, the operating procedure 
followed, the experimental limitations encountered, and 
the calculations performed in collecting the data required 
for the correlation. 
EQUIPMENT 
The equipment used in this work was designed so it 
could be utilized for many heat transfcr and power studies 
without major alteration. 
Vessel  
The vessel (Figure 4-1) used was a 14 inch inside diameter 
tank constructed of 3/16 inch thick 316 stainless steel. 
It was fully jacketed with 3/16 inch carbon steel giving a 
1 inch wide jacket space. The bottom of the vessel was dished 
so that the 1owest portion was 2 inches below the bottom of 
the straight sides. The straight cylindrical portion was 
20 inches high. The approximate capacity of the tank was 
15 gallons. The vessel was insulated with 2 inches of glass 
wool covered by aluminum and the lid of the vessel was In-
sulated with 2 inches of styrofoam. 
FIG 4-/ 
HEAT TRANSFER VESSEL. 
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Three vertical grooves 1/16 x 1/16 inches were machined 
in the inside wall of the vessel, extending down from the 
top 8, l4,and 18 inches. Iron-constantan thermocouple 
wires encased in a 0.04 inch diameter 316 stainless steel 
sheath were placed in the three grooves. (One sheath per 
groove.) The tip of the sheath was bent slightly toward 
the inside of the vessel and the sheaths were then cemented 
in place with the tip of the sheath flush with the inner 
surface of the vessel wall. The sheath extended up the 
groove to the top and from there to a junction block in a 
protected spot behind the vessel. The entire groove was 
filled with a heat transfer cement having the same thermal 
conductivity as 316 stainless steel (Thermon T-85)% After 
the cement had hardened the excess was sanded off to give 
the inside wall a smooth surface. In this manner the surface 
temperature is measured without interfering with the heat 
flow in the wall and without having the thermocouple leads 
dangling in the solution. The heat transfer cement was 
used because 
a. Its thermal conductivity was the same as 
that of the wall. 
b. Regular solder may have caused corrosion 
problems. 
c. The use of silver solder might have damaged 
the thermocouple junction. 
Figure 4-2 shows the placement of the surface or wall 
Trademark of Thermon Manufacturing Co., Houston, Texas. 
FIG 4-2 
LOCATION OF WALL THERMOCOUPLES AND SCALE 
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thermocouples and a stainless steel are le which was cemented 
to the inside wall for the measurement of fluid height. 
The batch temperature is measured by three thermo-
couples. One measures the temperature of the batch about 
two inches above the vessel bottom and about 1 inches from 
the center line. This thermocouple sheath enters the pipe 
fittings under the tank by passing through a bushing and 
then enters the vessel through the drain nipple. The 
other two project down into the fluid from above, one 7 
inches and the other 15 inches from the top. These thermo-
couples were supported by the lid. All three batch thermo-
couples as well as those in the piping system Were iron-
constantan thermocouples protected by a 1/100 inch thick 
316 stainless steel sheath. The error due to the time lag 
was estimated to be about one percent. 
The vessel jacket had three fittings for introduction 
and exit of fluids, two positioned 2 inches from the top 
on opposite sides of the tank and one on the underside. 
The fitting on the underside was hooked up so that steam 
could enter and condensate could leave at the same time. 
During the heating cycle steam entered one of the top 
fittings and the bottom fittin. 	 The condensate drained 
through the bottom fitting; its temperature was measured by 
a thermometer (0-200°C 0.2°C divisions) and it left the 
system through a thermostatic trap. A pressure gauge was 
also connected to the pipes leading to the bottom fitting. 
A thermometer (0-200°C, 0.2°C divisions) and a thermocouple 
measured the inlet steam temperature at the top fitting. 
When in the cooling cycle the cold water passed through 
a rotameter (Fisher-Porter Flowrator Meter (Series 10A2700C) 
9.L gallon per minute), and entered the tank through the 
same ports used by the steam. The cooling water was removed 
from the jacket through the second nipple at the top where 
both a thermocouple and a (0-100°C, 0.1°C division) thermo-
meter measured its temperature. Figure L-3 shows the piping 
layout and the placement of the batch thermocouples. Table 
4-1 is a summary of the vessel and associated equipment. 
Agitation 
Four 1 inch baffles were welded to a circular frame 
which could be removed from the vessel if desired. The 
length of these baffles was 20 inches. Although the baffles 
touched the vessel wall, the baffle area was not considered 
to be heat transfer area, because there was not a good 
thermal contact between the vessel wall and baffle. Table 
4-2 is a summary of the agitation equipment. 
The agitation was provided by a 3/L horsepower Series 
D "Lightnin"*Dynamometer. In essence this is a 3/L1. horse-
power, D-C shunt motor with a Reliance VS Jr., Style "EP" 
electronic motor controller. The controller consisted of 
a rectifier circuit to change the AC current to DC and a 
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* Trademark of Mixing Equipment Co., Rochester, New York 
KEY - TIERMOMETER 
TC - THERMOCOUPLE 
— — — THERMOCOUPLE WIRE 
F/G 4-0 
PIPING DIAGRAM 
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TABLE 4-1 
HEAT TRANSFER VESSEL 
Vessel 
Material of construction 
	 316 stainless steel 
Wall thickness 	 3/16 inch 
Height of cylindrical position 	 20 inches 
Shape of floor 
	
Dished 
Maximum depth of floor 
	 2 inches 
Diameter 	 14 inches 
Jacket space 	 1 inch 
Nominal pipe sine of vessel fittings 
	 1 inch 
Fluid depth usually used (from lowest 
point) 	 16.5 inches 
Corresponding scale reading 
	 9.5  inches Heat
 Transfer Area 
Ares of dish 	 1.15 ft.2 
Arcs of cylindrical portion 
	 .306 ft.2/inch 
Total area usually used 	 6.20 ft.2  
Volume  
Volume of dish 	 .055 ft.3  
Volume of cylindrical portion (-71th 
baffles installed).0883 ft.3/inch 
Total volume usually used 	 1.512 ft.3 
TABLE 4-2 
 
AGITATION 
Motor  
Power rating 	 3/4 HP 
Electrical power requirement 	 220 Volts 
15 amps 
Speed range 	 75-2500 RPM 
Shaft diameter 	 0.5 inches 
Baffles  
Number 
	 4 
Width 
	
1 inch 
Length 	 20 inches 
8 2 
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Potentiometer for varing the motor voltage, and hence 
speed. The speed range was from 75 to 2500 RPM. The 
motor was mounted on a set of bearings which allowed it to 
rotate freely. When the shaft turned the motor rotated in 
the opposite direction and with it a 64 inch diameter pully. 
A string was wound around this pully and attached to a 
0-25 pound scale. The torque of the rotating shaft was 
counterbalanced by the pully-scale system and thus measured. 
TORQUE = (Radius of Dully) (Force recorded on 
scale) 
(in lbs.) = (inches) x (lbs.) 	 (4-1 
Before any heat transfer data was taken this dynamometer 
was tested and it was determined that when the motor was 
operated under no-load conditions the dynamometer scale 
read zero. Thus there was negligible friction in the 
bearings supporting the motor. 
The motor, bearings, and scale assembly were mounted over 
the 15-gallon vessel on a "Unistrut"* frame which allowed 
three dimensional adjustment with very little effort. The 
motor was placed so that the shaft was coincident with the 
center line of the vessel. The major portion of the work 
was performed with eleven different impellers of four types; 
paddle, six bladed disk and vane turbine, three bladed marine 
propeller, and an anchor. Many other impellers in addition 
to these eleven were used for the water runs. The dimensions 
*Trademark of Unistrut Products Co., Chicago, Illinois 
of the anchor are given in figure 4-4 and the dimensions of 
all the other impellers are given in Table 4-3. 
Temperature Measurement 
	
The two pipe thermocouples, three batch thermocouples 
and three wall thermocouples were connected to a Westronic 
M11B/J/DV.5M twelve point strip chart recorder. This 
instrument prints a temperature point every five seconds. 
A dot on the chart represented the temperature and a numeral 
printed next to the dot identified the thermocouple. The 
wiring panel for the thermocouple wires was modified so 
that in every twelve-point cycle the three batch thermo-
couples and one well therrmocouple would be printed twice. 
The sequence of the temperature points are: 
Point number Item Measured Position 
1 Water or steam inlet 1 inch feed to tar 
of jacket 
2 Batch 	 (Bottom) 2 Inches from bottom 
3 Wall 	(Top) 6 inches from top 
4 Batch (Top) 7 inches from top 
5 Wall 	 (Middle) 12.5 inches from top 
6 Latch (Middle) 15 Inches from top 
7 Cooling water outlet 1 inch drain at top 
of jacket 
8 Batch (Bottum) Same as #2 
9 Wall (Bottom) 18 	 inches from top 
10 Batch (Top) Same as #4 
FIG 4-4 
ANCHOR AGITATOR 
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TABLE 4-3  
IMPELLER DIMENSIONS  
Type 
	
Diameter 	 Width or height 
(inches) 	 (inches) 
Anchor 
	 9.0 	 6 
Disk and Vane Turbine 	 4.0 	 0.75 
(6 bladed) 	 5.o 	 1.0 
	
6.0 	 1.25 
	
7.0 	 1.375 
Open straight blade turbine 
	
4.0 
	 0.75 
	
Open reversing blade turbine 4.0 
	
0.50 
	
Open retreating blade turbine 4.0 
	
0.50 
Paddles 	 4.0 
	
1.0 
	4.0 	2.0 
	
5.0 	 1.0 
	
5.0 	 1.5 
	
5.0 	 2.0 
	
6.0 
	 1.0 
	
6.0 
	 2.0 
	
7.0 	 1.0 
	
7.0 	 2.0 
	
7.0 	 3.0 
	
8.0 	 1.0 
	
8.0 	 2.0 
	
8.o 	 4.0 
Reverse pitch paddle 	 9.0 	 0.7 
Propellers 	 4.1 
	
5.2 	 45  pitch downthrusting 
6.o 
*Used only for water runs 
11 	 Wall (Middle) 	 Same as#5 
12 	 Batch (Middle) 	 Same as #6 
The above conditions apply to all the water runs. When 
using more viscous fluids some variation in wall temperature 
was noted and the thermocouple panel was modified so that 
the three wall thermocouples were connected. Thus for all 
runs after run number 185 the temperature points 3, 5, 9 
and 11 record the average of the three wall temperatures 
and not the individual positions as given above. 
Before the thermocouples were installed they were 
connected to the recorder and calibrated. They were placed 
in ice water, a 25°C constant temperature bath, and boiling 
water. At all three temperatures the system recorded the 
exact temperature, provided the recorder was warmed up for 
fifteen minutes prior to measuring the temperature. In 
all the heat transfer runs the recorder was therefore warmed 
up for thirty minutes before data was taken. The chart 
speed used was 0.5 inches per minute although 1, 2, 4 and 5 
inches per minute were also available at the flick of a 
switch. 
The three wall-temperature thermocouples gave slightly 
different temperatures at the different locations. It was 
found that the vertical location of the impeller was a large 
factor in the magnitude of the deviations. The impeller 
positions listed in Table 5-1 were experimentally determined 
8 7 
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to give the minimum deviations In wall temperature readings 
when water was the fluid being heated or cooled in the 
vessel. 
For the water runs in which the impellers were in 
the "optimum" position these deviations were virtually 
eliminated. However, for the glycerine and non-Newtonian 
fluids these deviations could not be eliminated and the 
average deviation of the wall temperature was about 23 
percent of the value of the average temperature driving 
force. The average of three wall temperature measurements 
was felt to be a good estimate of the average wall temperature.  
To facilite measuring this average temperature, the three 
wall thermocouples were connected in parallel at the tempera- 
ture recorder and thus electrically averaged the wall 
temperature. 
Fluids 
Five different fluids were studied in this investiga-
tion, two Newtonian and three pseudoplastic. These fluids 
were water, 93.7 percent glycerine and 0.15, 0.20 and 0.2) 
percent Carbopol* 934 in water. The flow behavior indexes 
were 1.0, 1.0, 0.69, 0.43 and 0.36 respectively. Carbopol 
resins are carboxy vinyl polymers of extremely high 
molecular weight. Solutions of Carbopol are rather easily 
prepared, they are stable to temperature changes and moderate 
*A trademark of the B. F. Goodrich Chemical Company 
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shear rates, they are unaffected by aging, are not attacked 
by bacteria, and have a wide range of flow behavior indexes. 
The manufacturer states in the descriptive bulletin, 
"Carbopol: Water-Soluble Resins", that these resins are 
completely soluble. It is the opinion of the author and 
Metzner (125) that these "solutions" are colloidal suspensions 
rather than true solutions. The most important fact is 
they are pseudoplastic fluids which can be characterized 
by the power law and are easily studied. 
OPERATING PROCEDURE  
Preparation of Batch 
When water or glycerine was used as the test fluid 
there was very little preliminary preparation. The vessel 
was filled to the 9 1/2 inch mark on the scale and the batch 
was then ready. The Carbopol solutions had, to be prepared 
by adding the resin to the water and then neutralizing with 
sodium hydroxide. 
The exact amount of Carbopol needed to make 1.623 
cubic feet of a particular concentration solution was 
weighed out.' The vessel was filled to the 9 inch mark on the 
scale (1.48 ft 3) and heated to about 50°C. The powdered 
resin was then slowly sprinkled onto the water surface as 
it was being agitated with a six inch propeller at about 
t..00 RPM. This took from one to two hours. The batch then 
continued to agitate for about 10-12 hours to make sure that 
all the lumps had been dissipated. As a further precaution 
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the batch was then heated to about 85°C and agitated for 
another thirty minutes. 
The batch was then cooled to about 25oC and neutralized. 
The neutralization is necessary since the resin is supplied. 
In the free acid form and the solutions will not develop 
their high consistency unless they are neutralized to a 
PH of about 7. Overneutralization to PH of 8 or 9, how- 
ever, is not harmful •  Sodium hydroxide as a 10 percent 
solution was added gradually until. a PH of 7 to 7.2 was 
reached. The solution became very viscous as complete 
neutralization was reached. 
Water was then added to the vessel to bring its 
volume up to the 1.623 cubic foot volume (10 3/4 inches 
on steel scale) and agitated for about- forty-five minutes. 
A 600 ml. sample Was removed to measure its Theological 
properties. The fluid level in the vessel was then lowered 
to the 9 1/2 inch mark (1.512 cu. ft.) and heated to 90°C 
and cooled. A new 600 ml. sample was taken and the old sample 
added to the vessel to keep its-level. The heating and 
cooling cycle was repeated a second time to make sure that 
the fluid properties were constant. 
Heat transfer runs  
The motor's power supply and the recorder were first 
warmed up for about 30 minutes. The batch level was checked, 
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and if low, a small mount of water was added to make up 
for evaporation losses. A series of power measurements were 
then made. At each speed the dynamometer Scale, the rotational 
speed, and the fluid height were noted. There was not much 
variation in height because the baffles eliminated vortex 
formation. However, there were slight inerease and these 
were taken into account when calculating the heat transfer 
area. About six to ten. different speeds were investigated 
and four were selected for heat transfer runs. 
The heat transfer run was started by turning on the 
recorder and steam (low pressure, 8-12 psig.). The water 
drain valve was closed when steam started to bellow out of 
it. The rotational speed was measured with a Smiths Hand 
Tachometer (Model ATH7,±0.5% accuracy). Between minute 
number four and six the condensate was collected and weighted. 
The steam and condensate temperatures were each read three 
different times. When the batch temperature reached 80-900C 
the steam was shut off and the water drain opened. The 
cooling water was then turned on and set at about 95 percent 
of the rotonieter flow rate. The speed was also measured 
twice more and water flow rate was checked periodically. 
When the batch temperature was cooled to 25-30°C the cooling 
water was turned off and the jacket drained. 
The strip chart from a typical run is shown in Figure 
4-5. During the heating cycle the wall temperature is higher 
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than the batch and during the cooling cycle it is lower. 
time interval of two, fours or six minutes is selected from 
the heating cycle and from the cooling cycle and the data 
used to calculate a heat transfer coefficient. The portions 
selected are those with the smoothest set of tempdrature 
points. The length of the time interval is selected to give 
a 10-20°C batch temperature change. 
A new run was usually started shortly after the finish 
of the preceding run. On the fourth run with a particular 
impeller the batch was cooled to 40-25°C, the vessel lid 
removed and a new impeller installed. For fluids other than 
water a sample was taken to assure the fluid's 'rheological 
properties were remaining constant. (For glycerine the 
density was checked) The previous sample was returned to 
the vessel to maintain the fluid level. The fluid level 
was checked and the series of power data taken and the lid 
replaced. Then fur heating runs were taken as above and 
the cycle repeated until )1)1 runs using the 11 impellers 
were completed. 
For water the heating cycle took about eight minutes 
and the cooling cycle about 16 giving a total operating time 
of about 2L minutes. The actual time required for a cycle 
was about 30 minutes since time was required to drain the 
jacket, reset the recorder, take data, and turn valves. 
The. time required to make a run with the more viscous fluids 
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was about 40-45 minutes. 
Limitations  
The impeller speed range was limited both at the lower 
and upper speeds. The motor itself could not operate well 
below 75 RPM and thus this limited the range. Often the 
lowest speed used was considerably above 75 RPM, however, 
because lower speeds did not mix the fluid thoroughly and 
the hot fluid Would stratify at the top of the batch. If 
there was evidence of Insemplete mixing (batch temperature 
points not on same smooth curve) the data taken were dis-
carded. 
The greatest speed used was also limited. The vis-
cosity data for the non-Newtonians was limited to shear 
rates below 4piN MAX/n where N 	 is 600 RPM, the highest 
speed of the viscometer. According to Metznerrs results the 
shear in an agitated vessel is 11.5 N where N is the RPM of 
the impeller. Since 4pi is fairly close to 11.5 the MAXIMUM 
rotational speed which could be used, without exceeding the 
above shear rate, is limited to 600-700 RPM. 
The motor and power supply limited the top speed 
attainable for the very viscous fluids because the power 
output of the system was exceeded before the larger impellers 
reached 600 RPM. 
Because of these limitations the amount of data 
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collected for the 0.24 percent Carbopol solution is some-
what less than for the other solutions. The mixing quality 
of the small impellers was so poor that many gave only one 
or even zero acceptable runs. The larger impellers exceeded 
the power output of the agitation system and blew the fuse. 
CALCULATIONS  
Calculation of Heat Transfer Rate  
The net heat transfer rate, qNETthe rate that the 
heat is being transfered through the vessel wall is the 
difference between the heat required to increase the batch 
temperature, (q1_2),  and the mechanical heat input, qm. The 
power being delivered to the batch of fluid is 
P=2pi(TORQUE)   (N)                           (4-2 
Substitution of euation 4-1 for torque gives 
P = 2pi N) (Rp) S 	 4-3 
where Rp is the dynamometer pully radius, 
S is the dynamometer scalo reading and 
N is the rotational speed in rev./see. 
The power Input In foot-pounds per seeond can be calculated 
by substituting the variables using feet, pounds and 
second units. 
P =2pi(3.26/12)(N) S 	 (4-4 
P = 28.3 x 10-3 (N) S 	 (4-4a 
96 
where N is in rev./sec. and S is measured in pounds. 
The heat equivalent, q11, of this power input can be cal-
culated by multiplying by the proper conversion factor. 
1.286 x 10-3 Btu = 1 ft. lb. 
60 sec. = 1 min. 
Therefore 
qm = 1.286 x 10-3 P (60) 
qm = 7.72x 10-2  P	 (4-5 
where gm is measured in Btu/min. and the power is expres 
in ft. lbs./sec. 
The rate of heat transfer into the batch of fluid, 
ql-2, is measured by the fluid's gain in heat content pe 
unit time. 
= Wcp dT/dt 	 (4-6 
• is expressed in Btu/min. if 
• is the weight of the batch measured in pounds 
T 	 is the batch temperature in °F 
t is time in minutes 
The net heat transfer rate in the heating cycle is 
qNET = q1-2 -qm 	 4-7 
In the cooling cycle the mechanical heat as well as the 
Tensible heat must be transfered through the wall and 
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qNET=q1-2+qm 	 (4-8 
The heat transfer coefficient, h, can be calculated 
from 
qNET/A=h ∆Ts-b 	 (4-9 
where A is the area for the heat transfer 
∆Ts-b is the temperature drop between the wall surface 
and the batch. 
Therefore 	 h = qNET/ A∆Ts-b 	 (4-10 
However, ∆Ts-b cannot be calculated since the wall temperature 
measured is not the surface temperature but the average temp-
erature of a 0.04 inch thickness of the wall next to the 
surface. If the temperature drop across the wall is assumed 
linear*  this average temperature is also the temperature of 
a point 0.02 inches from the surface. For this condition 
(4-11 
where ∆Tw-b is the arithmetic mean temperature drop between 
the point 0.02 inches in the wall and the batch. 
L 	 is the thickness of the metal resistance. 
kw is the thermal conductivity of the metal wall. 
is the sum of the heat transfer resistances. 
If equation 4-11 is rewritten for the resistance of the wall 
above it becomes 
* Because the vessel is not operating under steady state con-
ditions the temperature drop is not quite linear. The error 
in the answer was estimated to be between 0.25 and 0.75%. 
and 
Substitutings_∆Ts into equation 4-10 
h' can be calculated since all the variables can be measured 
or calculated. 
If equations 4-9 and 4-12 are equated ∆Ts-b, the unknown 
variable in equation 4-10, can be calculated. 
(4-14 
(4-15 
(4-10 
(4-16 
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(4-12 
where ∆Tw-s is the temperature difference between the 
measured point in the wall and the unknown 
surface temperature. 
If it is assumed that the wall resistance, L/kw, is 
negligible one could calculate the batch film coefficient 
using 
(4-13 
The group in the first set of parenthesis is equal to h' 
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and if it is assumed that h' is almost equal to h equation 
4-16 can be written. 
h = h' (1 + h' L/kw 	 (4-17 
h' is calculated from equation L-13. 
L is the average distance of the thermocouple junction 
from the surface = 0.02 inches 	 0.001667 feet. 
k is the thermal conductivity of 316 stainless steel 
= 9.4 Btu/ft2hr °F/ft. 
	
(286) 
Substituting the values for L and kw 
h = h' (1+0.0001774 h') 
	 ()-l8 
Apparent Viscosity of the Batch 
The apparent viscosity of the batch is needed in the 
Reynolds number, Prandtl number, and viscosity ratio. It 
can be calculated using equation 2-25. 
µa= K (11.5 N)n-1 	 (2-25 
The apparent viscosity is expressed in lb./sec. ft if K is 
expressed in lb./ft. sec.n and N is expressed in rev. per. 
second. 
The apparent viscosity of the batch could also be ex-
pressed 
µa=KN n-1 	 -19 
based on the theoretical analysis discussed in Chapter 3. 
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Generalized Reynolds Number  
The generalized Reynolds number, NR , is expressed as 
(2-22 
where Da is the agitator diameter expressed in feet. 
N is the rotational speed of the impeller expressed 
in rev./sec. 
is the fluid density expressed in lbs.m/ft.3. 
pa is the apparent viscosity expressed in lbsf/sec. ft. 
as calculated by equation 2-25a. 
A more theoretical Reynolds number can be calculated 
using the apparent viscosity, µa'', defined by equation 4-19. 
In this case 
where C is the heat capacity of the fluid. 
k is the thermal conductivity of the fluid. 
where C is expressed in Btu./lbmoF. 
µa is expressed in lbf/ft sec. 
k is expressed in Btu/ft2 °F sec./ft. 
10/ 
A more fundamental Prandtl number developed in Chapter 
3 is celculated using the apparent viscosity, µa . The 
Prandtl nunber is defined 
(4-22 
ill )f the above equations ere expressed in a modified 
c computer language (N.C.E. Load and Go) and the calculations 
d•-'no by the IBM 1620 computer in the Newark College of 
Engineering Computer Center. The computer programs are 
given in Appendix B. All of the fluid properties were ex-
pressed as functions of temperature, as described in 
Appendix A, and are included in the computer program. 
The evaluation of the constants of 	 proposed 
correlations correlations the power law constants f r the non-Newtonian 
fluids was done using re-ression analysis techniques. A 
brief description of the techniques and the computer programs 
used are included in Appendix C. 
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CHAPTER 5 
RESULTS  
Many heat transfer runs were made with water in the 
vessel in order to gain familiarity with the equipment and 
to obtain enough information to formulate the program to 
be followed with the non-Newtonian fluids. To be more 
specific, 319 data points were obtained using the many 
impellers listed in Chapter 4. 163 of these points were 
not used for evaluating the constants of the correlations 
because the impellers were not at the standard positions 
listed in Table 5-1. These data, summarized in Table 5-2, 
provided much qualitative and quantitative information 
about the wall temperature, the effect of impeller position, 
and the Impeller geometry. 
156 of the water data points were measured at the im-
peller heights listed in Table 5-1. These data, in addition 
to 297 data points obtained with glycerine and Carbopol 
solutions, were used in evaluating constants for the correla-
tions discussed later in this chapter. 
TABLE 5-1 
 
IMPELLER POSITIONS USED IN THE MAJOR  
PORTION OF THE THESIS  
Anchor 	 5" clearance 
	
HC/HL = 0.261 
Paddle 	 7" center height 	 HCH/HL 0.378 
Propeller 	 10" clearance 	 HC/HL= 0.540 
Turbine 	 7" center height 	 HCH/HL 0.378 
Note: At 7" center height the impeller is at 
1/3 the fluid height and about 1/2 the heat 
transfer surface. 
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TABLE 
SUMMA_RY- OF ADDITIONAL DATA POINTS  
MEASURED IN THE PRELIMINARY  STUDY OFHEAT 
TRANSIch,R TO WATER 
Impeller Type 
	 Number of Data Points  
Anchor 	 8 
Paddle 	 87 
Propeller 	 24 
Reversible Pitch Paddle 
	 10 
Turbines - Disk & Vane - 6 Blades 	 16 
Turbines - Open - 6 Straight Blades 	 10 
Turbines - Open - 6 Curved Blades 	 8 
Total 	 163 
/04 
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RESULTS: HE TING AND COOLING HATER 
WALL TEMPERATURE  
In all of the batch heat transfer work to date the 
wall temperature has been assumed to be constant over the 
entire heat transfer surface at any one time. The invest-
igators who have measirred the wall temperature have done 
so only at one point and thus have not confirmed or con-
tradicted this assumption. The equipment used in this study 
was designed and constructed with wall temperature measure-
ments at three different positions corresponding roughly to 
the top, center, and bottom of the batch. This was done 
with the hope of confirming the assumption of the constant 
wall temperature. 
Contrary to the assumptions of earlier studies, the 
wall temperature was not constant from point to point. The 
magnitude of the inequality was a function of fluid vis-
cosity, impeller speed, and impeller location. Changing 
the relative amounts of heating or cooling medium entering 
the top and bottom jacket inlets did not Influence the temp-
erature gradients in the heat transfer surface. The portion 
of the wall which was near the impeller usually had a temp-
erature which was about 10-20 percent closer to the batch 
temperatflre than the remainder of the surface. Thus when 
the impeller was close to the bottom, the bottom wall 
thermocouple recorded a temperature much closer to that of 
the batch than the other two thermocouples. At high Im-
peller speeds, the wall temperature became relatively con-
stant over the whole surface. 
It was felt that these data showed that the local heat 
transfer coefficients vary from point to point in the vessel. 
In those portions of the vessel which were best agitated 
the heat was conducted from the wall at a faster rate than 
in the poorly agitated regions. 
Considering a unit area of the wall for any portion of 
the vessel the ratio of the driving force to the resistance 
is a constant for each of the resistances in series. Thus, 
neglecting the heat capacity of the wall, 
9) 	 A 7;   4 rne-s _ li-s 	 775-8 	 (-1  
where q 
	
is the heat transfer rate. 
6T0 is the overall driving force between medium in 
jacket and batch. 
z1Tm
_
sis the driving force between the jacket medium 
and the metal wall. 
6Ts
_
sis the driving force across the metal wall. 
s 
is the driving force between the wall surface 
and the batch. 
ER is the sum of the heat transfer resistances. 
At any portion of the wall surface there will be a certain 
heat flux, q. At that point an equivalent amount of heat, 
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neglecting the heat capacity of the wall, must be tr ns-
ferred through the wall. Thus the value of ATs- /ktr 
must eaualATs_ 1/h. . hm and Wick are constant over the 
whole heat transfer surface and the overall driving force, 
zNT0, is also constant. Thus if h is greater in a well 
agitated portion than in a poorly-agitated portion the total 
resistance to heat flow in the former portion will be less 
than in the latter, giving rise to a greater heat flux in 
the well-agitated region. 
Since the heat flux is higher in the well-agitated 
regions, the ratio,L1Ts_ L/kt.1, in that region must be 
greater than in the poorly-agitated regions. Thus the 
driving force across the wall in the well-agitated regions 
is greater than in the poorly agitated regions. This pheno-
mena was manifested by the wall surface being closer to the 
batch temperature in the well-agitated regions. 
Experimentally it was found that by proper location of 
the impeller the differences in wall temperature could be 
virtually eliminated, even at low impeller speeds. These 
positions, summarized in Table 5-1, probably gave more 
uniform agitation. It is interesting to note that the optimum 
position for the paddles and turbines is at the level where 
about one half of the heat transfer surface is above and one 
half below the impeller. The propeller, with its large axial 
flow component had to be positioned somewhat higher. These 
optimum impeller heights were used in all the subsequent 
work; however, when the more viscous fluids were in the 
vessel the wall temperature differences could not be 
eliminated. 
Impeller Height  
In addition to affecting the uniformity of wall temp-
erature, the impeller height also influenced the heat 
transfer rate. In general, the greater the impeller distance 
from the vessel bottom, the greater the heat transfer rate 
(within the limits tested, up to 1/2 the vessel height). 
This phenomenon is probably closely related to the large 
wall temperature variations which are present when the 
Impeller is very close to the bottom of the vessel, (ie. as 
the impeller is raised, the agitation of the batch is more 
uniform and thus the wall temperature variations are reduced 
and the heat transfer rates increased). 
Since the amount of data measuring these effects is 
limited the results are only qualitative. They are shown 
graphically for the anchor, propeller, and turbine in 
Figures 5-1, 2 and 3. As can be seen on these curves, a 
two inch vertical displacement of the impeller changes the 
heat transfer coefficient by almost ten percent. 
There were somewhat more data on the effect of impeller 
height for paddles. Regression analysis was used to de-
termine the height effect. Two separate analysis were per- 
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REYNOLDS NUMBER 
FIGURE 5-3 EFFECT OF IMPELLER HEIGHT FOR HEATING OF WATER  
 
 
  
 
formed using: 
(a all the paddle data including 241 data points 
at twelve different positions; 154 of these 
points were for one height. 
(b two data points for each paddle height. 
The first test used all the data available but may have been 
biased since 64 percent of the data was for one height value 
and some heights were represented by only two data points. 
Hence the second set of data points was tested using the 
same amount of data for each point. 
In the first test (all available data) the Nusselt 
number was found to be a function of (HCH/HL )0.32 where 
Hug is the height of the center of the impeller above the 
vessel floor and HL is the liquid height. In the second 
test the Nusselt number was found to be a function of 
(HCH/HL)0.45. While neither test is entirely satisfactory 
because of the data limitations, the exponent of this im-
peller height ratio can be estimated to be somewhere between 
these two values, or roughly 0.4. It is interesting to note 
that this effect, not previously studied, is more important 
than the Prandtl number or viscosity ratio for equal changes 
of the variables. 
CORRELATIONS 
The major portion of the data collected in this thesis 
(L.53 data points) was used to evaluate the constants for 
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correlations for the prediction of batch side heat transfer 
coefficients. These data are summarized in Table 5-3. Two 
general types of correlations were evaluated, those based 
on the dimensional analysis developed in Chapter 3, and 
those which are semi-emperical alterations of the present 
correlation for Newtonian fluids. 
Four different types of impellers were used in this 
study: anchor, paddle, propeller, and turbine. Since the 
geometry and flow patterns for each impeller may be diff-
erent, the constants of any correlations tested were eval-
uated separately for each impeller type. Only one anchor 
agitator was used and therefore the effects of impeller 
diameter and width could not be evaluated for the anchor. 
The propellers were geometrically similar and therefore 
only the diameter effect was measured. 
Results of Dimensional analysis  
The dimensional analysis of Chapter 3 provided 
(3-80 
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as an equation which characterizes the batch heat transfer 
system. The constants of this correlation(labeled correla-
tion A) were evaluated and are presented in Table 5-4. The 
correlation with its constants was then used to calculate 
a "predicted Nusselt number" for each of the data points. 
The percentage error 
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TABLE 5-3 
SUMMARY OF DATA POINTS USED 
IN CORRELATIONS 
Number of Data Points 
.Flow Behavior _Index = 1.0 0.69 0.43 0.36 Total 
Impeller Type 
Anchor 16 8 8 7 39 
Paddle 154 48 46 29 277 
Propeller 26 15 7 6 54 
Turbine 48  16 15 4 83 
TOTAL 2L14 87 76 46  453 
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TABLE 5 - 4 
CORRELATION A 
IMPELLER 
TYPE 
ANCHOR 
Correlation Constants Average Errors 
C a b c d e n=1,9 0.69 0.43 0.36 Overall 
 
5.52 0.15 0.34 -.10 6.63 15.6 14.0 22.0 12.7 
PADDLE 12.59 0.15 0.31 -.51 0.41 D.31 10.8 8.9 20.1 19.4 12.9 
PROPELLER 6.62 0.13 0.32 -.48 0.69 12.6 8.5 15.1 20.7 12.5 
TURBINE 15.16 0.12 0.30 -.14 0.47 
0.30 
10.7 10.6 20.9 20.7 13.0 
Line under number indicates value not significantly different from zero as determined 
by t test (47)
. 
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(5-2 
and correlation C is 
was calculated for each data point. The average error for 
each condition (impeller type and flow behavior index) was 
calculated. The average error is the arithmetic average 
of the absolute values of the percentage errors. 
:5-3 
Correlation A is based on a model which very simply 
described the flow patterns developed by a marine propeller 
in a baffled vessel. The flow patterns developed by paddles, 
turbines or anchors are slightly different, but the same 
correlation was used to correlate all the data. Correlation 
A has only one empirical constant for the measurement of 
the Reynolds and Prandtl number effects. To empirically 
correct for the oversimplification of the flow model Correl-
ations B and C were tried. Correlation B has two empirical 
constants for the Reynolds and Prandtl number effects while 
Correlation C has three. Correlation B is 
(5-4 
(5-5 
 
The calculated constants and average errors are given in 
Table 5-5 and 5-6. 
A measure of the significance of the difference be-
tween two correlations is determined by using the F test 
where F is the ratio of the variances of the two correlations 
(55). The variance is the sum of the squares of the differ-
ence between the measured and predicted values of the de-
pendent variable. The significance of the F is dependent 
upon the degrees of freedom _of each of the two variances. 
The number of degrees of freedom is equal to the number of 
data points minus the number of constants calculated from 
the data. Table 5-7 lists the variances for these correl-
ations. 
In testing the significance between correlations A and 
C for the anchor agitator,F is evaluated as follows. 
Correlation Variance Number of 	 Number of Degrees 
	  Data Points Constants of Freedom 
A 963,790 39 4 35 
C 537,312 39 6 33 
F35, 33=  963,790 = 1.80 
537,312 	
(5-6 
A table of values for the F distribution shows that for F 
to be significant at the 80% limit for 35 and 33 degrees of 
freedon, F must be greater than 1.57. At the 90% limit F 
must be greater than 1.79 and at the 95% limit F must be 
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TABLE 5 - 5 CORRELATION 
IMPELLER Correlation Constants 	 Average Errors 
TYPE C a b c d e f n=1.0 0.69 0.43 0.36' Overall 
ANCHOR 0.48 0.74 0.32 0.35 -0.14e 9.6 12.3 9.2 22.1 12.3 
PADDLE 2.41 0.73 0.27 0.31 -0.45 0.45 0.30 9,4 6.5 18.5 19.4 11.4 
PROPELLER 0.54 0.77 0.29 0.32 -0.34 0.68 6.8 8.2 11.1 21.2 9.4 
* 
TURBINE 3.35 0.78 0.23 0.31 -0.09 0.56 0.27 8.5 10.1 19.5 21.3 11.4 
* See Table 5 - 4 
TABLE 5 - 6 
CORRELATION C 
IMPELLER Correlation Constants 	 Average Errors  
TYPE C 	 a 	 b 	 c 	 d 1.0 0.69 0.43 0.36 Overall 
ANCHOR 0.56 1.43 -0.04* 0.30 0.34 
___ 
0.54 6.8 5.1 10.7 18.4 9.3 
PADDLE 2.51 0.96 0.15 0.26 0.31 -0.46 0.46 0.56 9.4 5.1 17.8 18.9 11.1 
PROPELLER 0.55 1.28 0.04 0.30 0.32 -0.40 1.32 7.0 5.4 9.6 20.0 8.3 
TURBINE 3.57 1.25 0.002* 
 
0.24 0.30 -0.13 0.61 0.78 8.9 6.5 17.6 19.7 10.5 
* See Table 5 - 4 
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VARIANCES 
TABLE 5 - 7 
0.36 Overall 
FOR CORRELATIONS 
A B and C 
0.43 1.0 
Variances 
0.69 
Correlation A 
Anchor 434,764 L49,515 22,762 56,749 963,790  
Paddle 12,020,092 530,486 277,796 172,211 13,000,505 
Propeller 888,897 100,568 19,995 23,245 1,032,705 
Turbine 4,175,334 274,633 89,743 30,292 4,570,002 
Correlation B 
Anchor 1,089,312 291,553 9,126 45,353 1,435,345 
Paddle 12,333,246 364,645 232,009 163,478 13,073,378 
Propeller 1,030,464 59,828 12,721 19,600 1,122,613 
Turbine 3,484,242 216,798 77,736 26,750 3,F05,526 
Correlation C 
Anchor 424,584 32,989 28,002 51,737 537,312 
Paddle 12,505,916 209,294 211,802 179,503 13,106,515 
Propeller 808,803 10,904 7,442 20,736 874,685 
Turbine 3,641,172- 79,108 67,894 35,405 3,823,579 
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greater than 2.0. In this case therefore there is a 90% 
probability that the difference in variance between correla-
tion A and C is significant. Thus correlation C is a better 
fit for the anchor data. 
It may be seen from this example that in order for a 
correlation to be significantly better than another the ratio 
of the variances must be about 1.5 or greater, depending upon 
the degrees of freedom and choice of probability limits 
desired. Comparison of the variances listed in Table 5-7 
shows that the above example was the only case in which one 
correlation was significantly better than another for all of 
the fluids tested. Thus, except for the anchor agitator, 
the three correlations fit the data equally well. It was 
felt that the same correlation should be used for all four 
impellers. Correlation C is recommended for use with all 
four impellers since it is significantly better for the 
anchor and is just as good as Correlations A and B for the 
other three impeller types. 
Results of Semi-Empirical Correlations 
The semi-empirical correlation presented in Chapter 3 
is called Correlation D: 
(3-81 
The constants were evaluated and are presented in Table 5-6 
with the average errors obtained using the correlation. 
Figure 5-4 is a plot of the measured Nusselt number versus 
TABLE 5 - 8 
CORRELATION D 
IMPELLER Correlation Constants Average Errors 
TYPE C a b c d e n 1.0 0.69 0.43 0.36 Overall 
ANCHOR 0.45 0.68 0.35 0.37 10.9 23.0 17.4 22.7 16.9 
PADDLE 1.94 0.64 0.27 0.31 -0.40 0.42 9.2 13.4 22.1 22.3 13.4 
PROPELLER 0.46 0.69 0.27 0.32 -0.23 11.4 12.3 28.4 35.5 16.5 
TURBINE 2.39 0.63 0.24 0.31 -0.06*  0.40*  8.3 15.8 22.9 23.7 13.1 
* See Table 5 - 4 
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/23 
the Nusselt number predicted using Correlation 0 for the 
propeller data. The line with slope equal to unity represents 
a perfect fit of the data. As can be seen the more pseudo-
plastic fluids seem to be represented by lines with a greater 
slope. Similar plots for the other impellers show the same 
trend. The dimensional analysis of Chapter 3 suggests using 
a variable exponent for the Reynolds number and an additional 
parameter, n. Correlation 0 was thus modified to give 
Correlation E. 
The constants and average errors are presented in Table 5-9. 
The measured Nusselt number for the propeller data versus 
the predicted Nusselt number is plotted in Figure 5-5. Com-
parison of Table 5-8 and 5-9 and Figures 5-4 and 5-5, shows 
that correlation E fits the experimental data better than cor-
relation 0 with the pseudoplastic fluids gaining the most 
improvement. 
Treating each fluid separately showed exponent of the 
viscosity correction varied with 1/n 0.75. This modification 
was incorporated into correlation F: 
The constants and average errors are presented in Table 
5-10. Comparison of the average errors shows that correla-
tion F is a slight improvement over correlation E. 
TABLE 5 - 9 
CORRELATION E 
IMPELLER Correlation Constants 	 Average Errors 
TYPE C a b c d e f n=1.0  0.69 0.L3  0.36 Overall  
ANCHOR 0.47 1.36 0.32 0.3L 1.53 6.9 5.3 10.3 18.4 9.3 
PADDLE 3.05 1.23 0.25 0.30 -0.48 0.47 1.83 9.6 5.7 18.0 19.3 11.3 
PROPELLER 0.71 1.3L 0.29 0.33 -0.58 2.55 10.6 4.1 12.0 19.3 10.0 
TURBINE 3.L7 1.26 0.24 0.30 -0.12 0.60*  1.85 8.9 6.8 17.8 19.8 10.6 
10.8 
* See Table 5 - 4 
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TABLE 5 - 10 
CORRELATION F 
IMPELLER Correlation Constants Average Errors 
TYPE C b c d e f =1.0 0.69 0.43 0.36 Overall 
ANCHOR 0.46 1.37 0.32 0.32 1.55 6.7 7.5 9.4 14.0 8.7 
PADDLE 3.06 1.23 0.25 0.28 -0.48 0.47 1.85 9.5 5.5 17.6 16.0 10.8 
PROPELLER 0.62 1.36 0.30 0.32 
-0.55 
 
 
2.59 10.2 4.5 9.7 12.8 8.9 
TURBINE 3.27 1.27 0.24 0.29 -0.12* 0.58 1.88 8.8 6.5 15.9 16.5 10.0 
10.2 
* See Table 5 - 4 
/2
6 
(5-9   
In order to simplify the correlation somewhat the ex-
ponent for correlation F for all the factors except n were 
averaged to give correlation G. 
1 27  
The first exponents were arithmetically averaged giving 
equal weight to each impeller type. For the exponent of 
Dt/Da, 0.0 and 0.55 were averaged to give 0.52 and then 
rounded off to 0.50. The 0.12 for the turbines was not used 
since it was not statistically significant. The exponent 
for Wa/Da was rounded off from 0.53 to 0.50. Since the 
values of Dt/Da and Wa/Da do not vary over wide ranges the 
rounding off of the exponents to 0.50 sacrifices a small amount 
of accuracy for the convenience of using the square root of 
the term. 
The constants C and a are given in Table 5-11 with the 
average errors obtained when using this correlation. Com-
parison of the average errors shows that there is very little 
difference between the errors obtained with either equation. 
The variances obtained using the semi-empirical equations 
are listed in Table 5-12 and are used to determine the sig-
nificance of the modifications. In comparing correlations 
D and E the differences in variances for the propeller and 
anchor data 	 significant while the changes in variances 
for the paddles and turbines were not significant. In view 
TABLE 5 - 11 
CORRELATION G 
IMPELLER Correlation Constants Average Errors 
 
TYPE C a n=1.0 0.69 0.43 0.36 	 Overall 
ANCHOR 0.74 1.43 6.9 8.0 8.5 14.7 
	
8.9 
PADDLE 2.00 1.96 10.0 6.0 17.1 15.8 	 11.1 
PROPELLER 0.86 2.51 10.4 3.8 11.1 13.5 	 9.0 
TURBINE 3.09 2.06 14.2 7.3 10.3 14.8 	 12.2.  
10.8 
Note: For Anchor (Dt/Da)b and (Wa/Da)c are not used. 
For Propeller (Wa/Da)c is not used. 
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TABLE 5-12 
n= 
Correlation D 
Variances 
VARIANCES FOR CORRELATIONS  
D, E 	 F and G 
1.0 	 0.69 	 0.43 
499,968 
	 816,612 	 85,009 
0.36 
65,685 
Overall 
1,467,274 Anchor 
Paddle 13,033,313 1,020,554 350,049 149,878 14,553,794 
Propeller 2,378,861 183,678 27,797 33,224 2,623,560 
Turbine 3,523,715 
498,444 98,968 18,969 4,140,096 
C rrelation  
Anchor 462,132 64,505 23,365 48,108 598,110 
Paddle 11,955,325 171,730 216,953 197,267 12,541,275 
Propeller 825,607 9,396 8,56o 21,303 864,866 
Turbine 3,626,963 89,211 68,535 35,171 3,819,880 
Correlation F 
Anchor 467,483 65,386 38,168 28,769 599,806 
Paddle 12,079,618 179,633 215,336 149,272 12,623,859 
Propeller 1,083,141 17,007 4,485 12,991 1,117,624 
Turbine 3,588,125 83,508 51,796 23,842 3,747,271 
CorrelationG 
Anchor 469,778  99,403 27,708 30,913 627,802 
Paddle 14,791,009 182,400 209,375 142,020 15,324,804 
Propeller 941,619 11,548 5,831 14,168 973,166 
Turbine 6,929,397 47,319 21,345 18,086 7,016,147 
of the substantial improvement for the anchor and propeller 
correlation E is considered to be a better correlation than 
D. 
In comparison of correlation E with F there was no sig-
nificant improvement for any impeller if all the fluids are 
considered. However, there is significant improvement of 
fit for the anchor and propeller when the most pseudoplastic 
fluid is treated. There are insignificant changes in 
accuracy for the remaining conditions except for the propeller 
agitation of the fluid with 0.69 flow behavior index. 
In comparison of correlation F with G the only signifi-
cant loss in accuracy is for the Newtonian fluids being agi-
tated by a turbine. Two of the pseudoplastic fluids agitated 
with a turbine increased in accuracy significantly. In view 
of the fact that the average error for Newtonian fluids 
agitated by a turbine was still only 14 percent, and the 
changes for the other agitators were insignificant, correlation 
G is recommended over the other semi-empirical equations 
since the number of constants which vary with impeller type 
is greatly reduced. 
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CHAPTER 6  
DISCUSSION OF RESULTS  
Experimental Data  
The errors in the measurement of the experimental data 
were included in the description of the experimental work 
in Chapter 4 and Appendix A. The largest error in the 
measurement of the batch heat transfer coefficient is due 
to the uncertainty of the value of the average temperature 
of the wall. As mentioned Previously, the wall temperature 
varied from point to point when the glycerine and Carbopol 
solutions were being heated or cooled. A study of these 
variations was made using the six inch diameter turbine to 
mix the Carbopol solutions. The three wall thermocouples 
were read separately (not connected in parallel as was 
usually the case) and the arithmetic average determined. 
The deviations of the three measurements from this average 
wall temperature were measured and the arithmetic average 
of the deviations was reported as a percentage of the heat 
transfer driving force between the wall and batch. About 
four to ten sets of data were thus analyzed for each of the 
three Carbopol solutions. 
The average percent deviation in wall temperature was, 
15, 20 and 30 for the 0.15 percent Carbopol, 0.20 percent 
Carbopol, and 0.24 percent Carbopol respectively. There 
was no consistent effect of increasing the rotational speed 
of the impeller. 
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The probable error in the calculated heat transfer Co-
efficient was calculated for a typical run (Run 264 for 
heating of glycerine) using the method described by Daniels 
(50). 	 The values of the experimental data and the associated 
errors are: 
Area 6.20 ± 0.04 ft2  
Batch Weight 117.7 ± 0.7 lbs. 
Initial Batch 
Temperature 59.2 ± 0.3 °C 
Final Batch Temperature 68.2 ± 0.3 00 
Initial Wall Temperature 89.5 ± 7.5 °C 
Final Wall Temperature 95.5 ± 7.5 °C 
Heat Capacity 0.644±. .019 Btu/lb°F 
The heat transfer coefficient was calculated to be 115± 
22.1 (or ±19.2 percent.) The probable error for this run 
was thus approximately -±-20 percent. This value was taken 
to be representative of all the runs since all of the data 
and errors are of approximately the same magnitude. 
The probable error of ± 20 percent can be considered 
to be a fairly good measure of the heat transfer coefficient 
since Chilton (39) reported a reproducibility of a single 
run as ± 17 percent and Brooks and Su (30) report a re-
producibility of ± 20 percent. The only duplicate runs in 
the paper were for an eight inch by one inch paddle at 78 
rpm for heating and cooling water. For cooling the re- 
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productibility was about ± 2 percent and for heating about 
±4.5 percent. While this data may not be statistically 
significant it may give some idea of the reproducibility 
the present data. 
The merits of calculating the heat transfer rate from 
the temperature rise of the batch and the heat transfer 
coefficient using wall thermocouples have been thoroughly 
discussed in Chapter 2. 
The Newtonian fluid heat transfer data was compared 
to the currently accepted correlations in the literature. 
The correlation for anchor agitators developed by Brown et 
al. (32) was used to calculate predicted Nusselt numbers 
for the anchor data developed in this thesis. The actual 
measured Nusselt numbers are compared with the predicted Nusselt 
numbers in Figure 6-1. Most of the data points show a good 
comparison although on a few points for the heating of glycerine 
the measured Nusselt numbers are much greater than predicted. 
The arithmetic average deviation of all the points is ± 16.6 
percent. The one factor which would cause the larger de-
viations in the glycerine data would be Brown's use of 0.14 
for the viscosity ratio exponent. The use of a higher ex-
ponent as suggested by Uhl (194) would probably reduce the 
error greatly. It must be noted here that Brown did not 
measure the effect of viscosity but accepted Chilton's value 
of 0.14. 
/33 
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The effect of using a low (0.14) exponent for the 
viscosity ratio also increases the error when comparing the 
eight inch by one inch paddle data (geometrically similar 
to Chilton) with Chilton's (39) correlation. Comparing the 
date to Chilton's equation there is an average error of et 
16.3 percent. Uhl recalculated Chilton's data and claims 
that the exponent of the viscosity ratio should be 0.24 
instead of 0.14. Using Uhl's modification of Chilton's 
equation there is en average deviation of ± 11.1 percent 
between the predicted and measured Nusselt numbers. The 
results are plotted in Figure 6-2. The points are fairly 
evenly distributed along the line of perfect agreement. 
It would be expected that the measured values would be 
about 10 to 20 percent above the predicted values since Chil-
ton did not use baffles. However, Chilton measured the 
wall temperature at only one position, just opposite the 
impeller. This would lead to a measured driving force which 
was less than the actual value, causing the calculated 
Nusselt numbers to be greater than they should be. Naturally 
the correlation based on this data would predict Nusselt 
numbers which are too high. 
The propeller data were compared with Brown's (32) 
correlation and are plotted in Figure 6-3. The average 
deviation is 26.9 percent and thus the fit is not ve 	 j good. 
However, Brown's correlation is only based on limited data, 
1 3.5- 
/36 
/37 
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the cooling of nitration liquors at one speed, and although 
it is the only correlation available for propellers its value 
is limited. 
The turbine data were compared with the correlation of 
Brooks and Su (30) and Cummings and West (49). The results 
are shown in Figure 6-4. Compared with the correlation of 
Brooks and Su there was an average deviation of 27 percent, 
with the measured Nusselt numbers being less than the pre-
dicted values. The largest errors are due to the glycerine 
cooling runs and it is felt that these errors would be 
greatly reduced if the viscosity correction factor exponent 
was higher. Neglecting these points gives an average error 
of 14 percent. 
Brooks and Su used baffles and thus their correlation 
should predict Nusselt numbers which are close to the actual 
measured values. It is the author's belief that their 
correlation predicts higher Nusselt numbers because they 
used a total heating resistance of 0.005 of which 0.0016 is 
due to wall resistance. Thus 0.0034 is due to the steam re-
sistance. The steam heat transfer coefficient is therefore 
1/0.0034 or 294 Btu/hr°F.ft2. This value is much lower 
than the commonly accepted value of 2,000, and the batch 
heat transfer coefficients, calculated on this basis would 
undoubtedly be too high. 
/39 
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The average deviation of the measured Nusselt numbers 
with the prediction of Cummings and West's correlation is 
19.5 percent with the measured values usually higher than 
predicted. This is reasonable since the correlation is 
based on data taken in an unbaffled vessel while the present 
data were taken in a baffled vessel. 
In general the Newtonian fluid data developed in this 
thesis support the generally accepted correlations within 
experimental error when applicable. 
The only major difference is that the exponent of 
the viscosity ratio should be higher than the value of 0.14 
often used. All of the present data as well as Uhl (194), 
Salamone (165), and Pursell (150) support this conclusion. 
Although, an impressive list of authors report a value of 
0.14, a large percentage of them do so only because Chilton 
reported that value. However, Chilton's data was examined 
by Uhl and was reported to yield a value of 0.2L. While 
both of these values (Chilton's 0.14 and Uhlts 0.2L) may 
have been arrived at subjectively, the values of 0.28 to 
0.37 reported in this thesis were calculated by an unbiased 
method, namely, multiple variable regression analysis. 
Significant Aspects of This Study  
The conclusion and correlations reported in this thesis 
are based on a large number of points covering a wide range 
of variables. A total of 616 data points were taken, 
163 of which were used for screening the variables to 
be studied and evaluating the effect of impeller height. 
The remaining 453 data points were used to evaluate 
the constants of the correlations presented in the previous 
chapter. Eleven different impellers representing the 
four major types in common practice were used in collecting 
the 453 points. The range of application is wide since 
pseudoplastic as well as Newtonian fluids were used. The 
use of multiple-variable regression analysis was a 
valuable tool in reducing human error and subjectiveness 
in the calculation of the correlation constants. 
The measurement of the wall temperature at three 
different locations gave evidence of the considerable 
difference in heat flux in different positions in the 
vessel. Although the effect was not quantitatively studied 
it i.s the first time it has been reported; and this opens 
the door to a possibly fruitful field of study. It has 
been shown that the variations in local heat transfer 
rates can be minimized by proper location of the impeller. 
The vertical position of the impeller was shown to 
have a large effect on the Nusselt number in the range 
studied, ie. for impeller height/liquid height ratios be- 
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tween 0.25 acid 0.58. Uhl had reported 	 18 percent difference 
in Nusselt numbers for an impeller in two different locations 
and a few authors had mentioned that higher heat transfer 
rates were achieved for certain impeller locations but the 
effect had not been studied quantitatively. The effect of 
height variation may have a considerable significance since 
changes in the impeller height cause minimal if not negligible 
changes in power requirements. 
The model proposed in Chapter 3 results in a dimension-
less equation which accurately characterizes the batch heat 
transfer system as shown by the good fit achieved. Thus the 
model itself may be inferred to be a fairly accurate portrayal 
of the mechanism of heat transfer in an agitated vessel. To 
be more specific, the center core of the fluid is in turbulent 
flow with thorough mixing of the fluid in this region. In 
addition to turbulence in the impeller region, the impeller 
produces bulk fluid flow, largely axial. This results in 
fluid flow along the cylindrical heat transfer surface in 
the vertical direction. At the wall surface the fluid is 
motionless. There is a velocity gradient in the radial 
direction. Heat is transferred across the stagnant fluid 
layer at the wall by conduction and is then transferred by 
diffusion and bulk flow into the turbulent core. The con-
trolling factor in the rate of heat transfer is thus a 
stagnant layer at the wall. An increase in the bulk flow 
rate through the eye of the impeller (by increasing im- 
peller diameter, width, or speed) causes an increase in 
the velocity of the fluid near the wall. This results in  
greater momentum transfer in the radial direction with a 
subsequent decrease in the thickness of the stagnant layer. 
Comparison of Correlations  
The data was correlated by equations representing two 
different approaches, theoretical and semi-empirical. The 
best equation of each type will be compared with each other 
later in this chapter, but first their common characteristics 
will be mentioned. One characteristic is that they both re-
vert to the commonly accepted correlations for Newtonian 
fluids for the case of n equal to unity. This is not the 
case with many correlations, an example being the correlation 
of Blanchard and Chu (22) for the prediction of batch heat 
transfer coefficients. 
The accuracy of the correlation in reproducing the ex-
perimental data is very good, the average error for all fluids 
is in the range of 9 to 14 percent with the greatest average 
deviation being for the most pseudoplastic fluid in the range 
of 13 to 20 percent. In no instance is the average error 
of the correlation in representing the data greater than the 
error in the determination of the heat transfer coefficient. 
Both the theoretical and semi-empirical correlations 
are based on a more fundamental foundation than are the 
previous correlations for the prediction of batch heat 
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transfer coefficients to non-Newtonian fluids. As mentioned 
in Charter 2 Blanchard's viscosity ratio shows a misunder-
standing of the flow in an agitated vessel since he considers 
the shear rate at the wall to approach infinity while in 
actuality it is low compared to the shear rates near the 
impeller (127). The consistency term used by Salamone et 
al. (165), (m=gc K8 n-1) is valid for pipe flow (the "8" is 
introduced during the development of the equations for 
fluid flow through conduits); however, the "8" does not 
have any significance in a stirred vessel. The semi-
empirical development in this thesis shows that the factor 
11.5n-1 in equation 2-25 has no fundamental basis but it 
does successfully correlate the average shear rate with 
the impeller speed and thus has empirical significance. 
The correlations discussed progressed from a highly 
theoretical correlation (Correlation A) to a highly em-
pirical correlation (Correlation G). If the two extremes 
are compared by the F test on the overall variances Cor-
relation A is as good as Correlation G for all impellers 
except turbines. Correlation A is significantly better 
than Correlation G for turbines. However, these results 
are biased in favor of the theoretical equation because of 
the large amount of Newtonian fluid data, for which Cor-
relation A is slightly better. If each type of fluid for 
each impeller is tested, Correlation G is significantly 
better than Correlation A in five of the twelve non-Newtonian 
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fluid-impeller categories. IrE three others it is better, 
although not significantly better at the 90 level. In 
the remaining four categories the correlations have about 
the same accuracy. In the four Newtonian fluid categories, 
Correlation A is significantly better than Correlation G 
for the turbines only. Thus the author believes that 
Correlation G is to be recommended over Correlation A, so 
far as predictive power is concerned. 
Correlation C, a slightly modified form of the theor- 
etical Correlation A, in the previous chapter was shown to 
be the best of the three theoretically based correlations. 
If Correlations C and G are compared by the values of the 
errors realized when using them the two equations are about 
equal. In general correlation C fits the data slightly better 
than correlation G although the latter fits the data for n= 
0.36 somewhat better than does the former. Comparison of 
the variances shows that there is si ificant improvement 
for this fluid while the remainder of the points are repre- 
sented equally well by either correlation. The improvement 
in this one case is probably due to the variable exponent 
on the consistency ratio. 
Comparison of correlation C with correlation E eliminates 
the improvement due to the variable exponent for the consist-
ency ratio and is a good method for comparing the two different 
apparent viscosities. Comparison of the average errors and 
variances shows that there is no difference in the accuracy 
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of fit and it may therefore be concluded that both methods 
can be used to characterize the apparent viscosity with equal 
success. 
The use of the semi-empirical equation is somewhat 
easier; because there are only two constants, which very 
from impeller to impeller. Some of the constants in the 
theoretical equation could be averaged but there are large 
variations in the Reynolds number exponents which would lead 
to rather large errors if averaged. It may be argued, how-
ever, that whether there are two or five constants, one will 
probably have to look them up and thus the actual number 
of constants is immaterial. 
The Correlation C has a distinct advantage over Correla-
tion G since it has a fundamental basis. The use of 1/(n-4- 1) 
as a factor in the exponent of the Reynolds number of the 
semi-empirical equation has no fundamental basis. The use 
of 1/n0.75 in the exponent of the consistency ratio was 
purely empirical also. It is thus the belief of the author 
that Correlation C is the better of the two correlations 
and is recommended for use. 
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CONCLUSIONS 
1. The theoretical model proposed in Chapter 3 successfully 
correlates the heat transfer data. 
(n-1), 2. The use of Metzner's apparent viscosity, µa= K (11.5 N)(n-1) 
 
can be used to successfully characterize the fluid be-
havior of power law pseudoplastics being heated or cooled 
in an agitated vessel. 
3. The Nusselt number for Newtonian. fluids and power law 
...... Lc" 
pseudoplastics can be predicted by 
where NRe'' and N If are calculated using µa'', = KN(n-1) . The Re 	 Pr 
constants vary with the impeller type and for the impeller 
height ratios specified in Table 5-1 the values are: 
C 	 a 	 b 	 e 	 d 	 e 	 f g 
Anchor 0.56 1.43 -0.04 0.30 0.34 ---- ---- 0.54 
Paddle 2.51 0.96 	 0.15 0.26 0.31 -0.46 -0.46 0.56 
Propeller 0.55 1.28 	 0.04 0.30 0.32 -0.40 ---- 1.32 
Turbine 3.57 1.25 	 0.002 0.24 0.30 -0.13 0.61 0.78 
4. For the specified heights the Nusselt number can also be 
predicted by 
where NR e and NPr' are calculated using µa= K(11.5N)n-1 
The exponent of the Dt/Da term is mot applicable to the 
anchor agitator and the exponent of-the Wa/Da term is 
not applicable to the anchor or propeller because there 
/L8 
was insufficient data to evaluate those constants. 
The value of C and a vary with the impeller Vpo and 
are: 
C 
Anchor 0.74 l.43 
Paddle 2.00 1.96 
Propeller 0.86 2.51 
Turbine 3.09 2.06 
5. The above correlations predict the batch side heat 
transfer coefficient within -t- 20 percent for all power 
law fluids with flow behavior index between 0.36 and 
1.0 and within+ 14 percent for power law flow fluids 
with flow behavior between 0.69 and 1.0. 
6. The correlation given in Item 3 is recommended over 
that in Item 4 because of the fundamental basis of the 
former. 
7. For batch heat transfer to water using paddles 
NNU ∝(HCH/HL) 04 
8. The existence of different values of the batch heat 
transfer coefficient at different points on the heat 
transfer surface was qualitatively confirmed. 
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RECOMMENDATIONS  
1. The correlations given in the Conclusions should be 
used for the prediction of batch heat transfer co-
efficients provided the situation has been covered by 
the range of variables studied. 
2. A thorough study should be made regarding the variations 
of local heat transfer rate and the variables affecting 
the same. 
3. The range of the present study should be extended to 
include unbaffled vessels and systems using coils as the 
heat transfer surface. 
TABLE OF NOMENCLATURE 
ENGLISH ALPHABET 
A 
	
Heat Transfer Area 
Apr 	 Constant in Prandtl eq. 2-18 
B 	 Constant in Powell-Eyring equation 
Cp 	 Heat capacity 
cPr 	 Constant in Prandtl equation,eq.2-18 
D=Pipe or tube diameter 
Da 	 = Impeller diameter 
De 	 Diameter of coil tubing. 
DH 	 Diameter of coil helix 
Dt 	 Vessel diameter 
F = Statistical parameter 
gc 	 Dimensional conversion factor, 32.17 (lbm/lbf) 
(ft/sec.2) 
gz 	 Acceleration due to gravity in z direction 
HC 	 Clearance between bottom of agitator and vessel 
bottom 
RCN 	 Height of center of impeller (vertical direction)'  
above vessel bottom 
HL 	 Height of liquid 
Hv = Depth of vortex (inches) 
h=Average heat transfer coefficient of batch 
Ht 	 = Pseudo heat transfer coefficient defined in eq. 4-13 
hb 	 Height of bob or spindle of rotating cylinder vis-
cometer 
hf 	 = Heat transfer coefficient of fouling material 
/50 
/5/ 
hL 	 = Local heat transfer coefficient 
hm 	 = Heat transfer coefficient of jacket medium 
J 	 = Conversion factor for mechanical to heat energy 
 
2.3910-8 cal/erg 
K 	 = Fluid consistency index, power law equation 
Ks 	 = Constant in eq. 2-19 
Kw 	 = Fluid consistency index evaluated at wall temperature 
k 	 = Thermal conductivity of batch fluid 
k. 	 = Thermal conductivity of the metal wall 
L 	 = Thickness of metal resistance 
= Torque 
m
	 = Function of fluid consistency index, m = K 8n-1  mw
	 = m evaluated at wall temperature 
Number of data points 
N 	 = Rotational speed in revolutions/sec. or revolutions/min. 
Nmax = Maximum rotational speed of viscometer (RPM) 
n 	 = Flow behavior index in power law 
n 	
= Slope of logarithmic plot of Torque versus RPM 
Number of blades on impeller 
= Reference number of blades on impeller 
nb 
	 Number of baffles 
nb* 	 Reference number of baffles 
P 
	
Power 
p 
	 Pressure 
P
* 	
= Dimensionless pressure defined by eq. 3-14 
° 	 = Pressure at a particular position 
Average heat transfer rate 
QL 	 =Local heat transfer rate 
qm Rate of mechanical heat input 
qNet=heat transfer rate through heat transfer 
surface 
q1-2 = Rate of heat input to batch 
R 	 7=Radius of vessel 
Rb 	 = Radius of bob 
Re 	 = Radius of cup 
Rp 	 = Pulley radius (Dynamometer) 
ER 	 =Sum of all heat transfer resistances except 
batch resistance 
ΣRc 	 = Sum of all heat transfer resistances except batch 
resistance in cooling cycle 
ΣRH = Sum of all heat transfer resistances except batch 
resistance in heating cycle 
r 	 = Value of radical coordinates 
r
* 
= Dimensionless radius defined by eq. 3-38 
r
** 
= Dimensionless radius defined by eq. 3-10 
S 	 Dynamometer scale reading (lbs) 
= Ratio of cup radius to bob radius, Rc/Rb  
T 	 = Temperature at any point 
T" 	 = Dimensionless temperature defined by eq. 3-16 
Tb 
	
= Temperature in bulk of fluid 
Ts 	 = Torque 
Ts 	 = Wall surface temperature 
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T 	 = Temperature at thermocouple 
∆To 	 = Temperature driving force between batch and heat 
transfer medium 
∆Ts
_
b = Temperature drop between wall surface and batch 
Tw..b = Temperature drop between measured point in wall 
and the batch 
= Temperature drop between measured point in wall 
and wall surface 
d T1
-
2 = Change in temperature of batch over time interval 
l-2 
t 	 = Time 
t* = Dimensionless time defined eq. 3-15 
tbTerminal blend time (seconds) 
U 	 = Overall heat transfer coefficient 
V 	 = Average velocity in pipe or tube 
V 	 = Characteristic velocity = NDa  
Vb 	 = Linear velocity of bob 
Ve 	 = Velocity in angular direction 
Vr 	 = Velocity in radial direction 
Dimensionless Vr defined. by eq. 3-39 
Vr*Dimensionless Vi defined by eq. 3-12 
VrVelocity in vertical direction 
V2 	 Dimensionless Vz defined by eq. 3-13 
Weight of batch 
Wa 	 Width of agitator 
Width of baffles 
xc 	 Function of Reynolds number, eq. 2-44  
Xj 	 Function of Reynolds number,eq. 2-45 
z 	 Value of height coordinate 
= Dimensionless height defined by eq. 3-11 
15 
DIMENSIONLESS GROUPS  
NFr = Froude number 
= Nusselt number 
NPe = Peclet number 
NPo = Power number = 
NPr = Prandtl number 
Npr' 	 = Generalized Prandtl number calculated using Pr 
apparent viscosity = K (11.5 N)n-1 
NPr'' Prz" = Generalized Prandtl number calculated using 
Nn-1 
apparent viscosity = 
1,e  = Mixing Reynolds number 
NR 	 = Generalized Reynolds number, calculated using e 
a11arent viscosity = K (11.5N)n-1  
NRe" 	 = Re 	 Generalized Reynolds number calculated using 
apparent viscosity = KNn-1 
NRe" Generalized mixing Reynolds number defined by 
eq. 2-27 
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GREEK ALPHABET 
o 	 = Value of angle of rotation coordinate 
/I 	 = Newtonian viscosity 
µa 	 = Apparent viscosity defined by Metzner,µa= K(11.5N)n-1 
 
= Apparent viscosity developed in Chapter 3,µa''  K(N)n-1 r-1 
µG 
	
= Constant in Powell-Eyring equation 
w
	
= Viscosity evaluated at wall temperature µ0
	
= Zero shear-rate viscosity 
µ∞ 
	
= Infinite shear-rate viscosity 
µ∞w = Infinite shear-rate viscosity evaluated at wall 
temperature 
= Density 
= Shear stress 
= Shear stress at wall τw  
τmz= Shear stress in z direction at constant radius 
τmz 	 = Shear stress in z direction at constant z 
= Shear rate 
γw 	 = Shear rate at wall 
= Angular velocity 
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APPENDIX A 
FLUID PROPERTIES 
The dimensionless groups used to correlate heat 
transfer data include four fluid properties; viscosity, 
thermal conductivity, heat capacity, and density. Litera-
ture values for these properties were used when they were 
available and the remainder were measured. The temperature-
dependent fluid properties were expressed as a function of 
temperature. 
VISCOSITY 
For Newtonian correlations the rheological behavior 
of the fluids is expressed in terms of  µ , the viscosity 
coefficient. Since this study includes non-Newtonian 
fluids for which the term viscosity is meaningless, the 
rheological behavior is described by the two constant, 
power law equation. The fluid properties which are 
measured are the flow behavior index, n, and the fluid 
consistency index, K. The apparent viscosity for all the 
fluids used is thus given in terms of n and K. For use 
in the dimensionless groups K has the units lb.m sec.n-2 /ft. 
and n is dimensionless. 
Newtonian Fluids  
The flow behavior index for all Newtonian fluids is 
unity and thus does not have to be determined. The fluid 
consistency index is equal to the Newtonian viscosity 
I58 
coefficient. Thus, for the water and glycerine it was 
only necessary to evaluate the viscosity coefficient and 
express it in the correct units. 
The viscosity of water was determined from Bingham's 
equation for the fluidity, ( Ф  ), of water as a function 
of temperature (17). 
(A-1 
where (Ф) is expressed in centipoise -1and 
T is the temperature in degrees Centigrade. 
The relationship between fluidity and viscosity is 
(A-2 
The fluid consistency index in the proper units is ob-
tained by multiplying the viscosity in centipoise by 
6.72 x 10-4  
K = 6.72 x 10-4 µ 	 (A-3 
The viscosity of 93.7 percent glycerine was graphically 
interpolated from data of Segur and Oberstar (177) and is 
given in Table A-1. 
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TABLE A-1 
VISCOSITY OF 93.7 PERCENT GLYCERINE 
Temperature 	 Viscosity 
(°C) 	 (Centipoise) 
	
0 	 2760 
	
10 	 982 
	
20 	 413 
	
30 	 193 
99 
	
50 	 56.5 
	
60 	 34.1 
	
70 	 24.7 
	
80 	 15.3 
	
90 	 l0.9 
	
100 	 7.9 
The data were assumed to fit an equation of the type. 
AY = Al0B/T 	 (A-4 
and were plotted as the logarithm of µ versus the recipro-
cal of the absolute temperature. The curve was not linear 
but a straight line was drawn through the first three 
points (corresponding to 100, 90 and 80 °C) and extended 
as shown on Figure A-1. 
The difference between the data and the straight line 
for any temperature was measured and defined as f to give 
equation a-5. These differences are given in Table a-2. 
µ
 = 
 
AIOB/T f 
	 (A-5 
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TABLE, A2 
CORRECTION FACTORS FOR GLYCERINE VISCOSITY 
EQUATION 
Temperature 	 1/T, 
(C) 	 K-1 
	
(centipoise) 
100 	 2.68 x 10-3 	 0 
90 	 2.75 x 10-3 	 0 
80 	 2.83 x 10-3 	 0 
70 	 2.91 x 10 
 
60 	 3.0o x 10-3 3.0 
50 	 3.09 x 10-3 	 9.5 
40 	 3.19 x l0-3 27 
30 	 3.30 x 10-3 71 
20 	 3.0 x 10-3 	 222 
10 	 3.53 x 10-3 	 667 
The correction factor was plotted versus 1/T and 
found to describe a straight line on semilog paper (Figure 
/6/ 
A-2). It could thus be expressed 
f = C 10 D/T  
The four constants were evaluated as 
a = -4.145 
B = 1.88 x 103  
C = -12.23 
D = 4.27 x 103  
(a-6 
The viscosity of 93.7 percent glycerine can thus be 
/62 
1 6 3 
expressed as 
where µ is expressed in centipoise and T in degrees Kelvin. 
Expressing the viscosity in the proper terms and converting 
the temperature term to degrees Centigrade gives 
This equation was solved for the temperatures listed in Table 
A-1 and reproduced the data to within ± three percent. 
Non-Newtonian Fluids  
Carbopol solutions have been reported to be well rep-
resented by the power law (63, 165) but the fluid consistency 
index and flow behavior index have not been determined for 
a wide range of concentrations. Furthermore, the Carbopol 
resin seems to vary slightly. The method of solution prep-
aration and the degree of neutralization seem to effect 
the values of the flow behavior properties. Thus it was 
necessary to measure these properties. 
The flow properties were measured using a Brookfield" 
LVT-5X-600 Synchro-Lectric Viscometer equipped with cylin-
drical spindles. This model has eight different speeds 
of rotation; 3,  6, 15, 30, 60, 120, 300, and 600 revolutions 
Trademark of Brookfield Engineering Laboratories 
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per minute. As t e synchronous motor turns the spindle at 
the selected speed a spring, mechanism measures the torque 
supplied to the spindle as a percentage of the full scale 
torque of the instrument, which for this model is 3368.5 
dyne centimeters. The fluid container used was a 600 ml. 
beaker, as suggested by Brookfield. An excellent review 
of the Brookfield instruments is given by Van Wazer (196). 
The shear rate at the surface of the spindle can be 
calculated from 
(2-11 
whore N is the rotational speed of the spindle expressed 
as revolutions per minute (or second depending upon the 
dimensions desired for the shear rate). 
m" is the slope of a logarithmic plot of the torque 
versus the rotational speed of the spindle. 
For the smaller diameter spindles the ratio Bb/Rc is 
negligible and equation 2-11 may be simplified to 
(2-12 
The shear stress at the cylindrical wall of the 
rotating cylinder is calculated by 
(2-5 
where is is the torque required to rotate the spindle 
Rb is the radius of the spindle or bob 
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hb is the height of the bob. 
The torque measured  by the viscometer else is providing 
some 	 at the ends of the spindle and therefore the 
used in equation 2-5 should be the equivalent 
height, he, as discussed in Chapter 2. Therefore 
(A-9 
was used to determine 	 shear stress. 
The effective height for each bob 	 (de -ten-lined P.2 
described in Chapter 2, 	 a Brookfield viscosity 
standard, L-3, of which the viscosity was reported to be 
985 ± 1.05 centipoise. The shear stress as 	 function of 
dinl reading in percent, X, was then calculated for ea ch 
using the efective height. These 
	 listed in 
Table A-3. 
TABLE A-3 
CHARACTERISTICS OF BROOK FIELD CYL NDRICAL SPINDLES 
SPINDLE NUMBER RADIUS (en) HEIGHT (en) 
EFFECTIVE LEI T T 
(cm) SHEAR
STRESS 
(dynces/cm2 
1 0.942  6.52 7.74 0.782x 
2 0.513 5.38 6.11 3.35x 
3  0.294 4.28 4.95 12.52X 
0.159 3.10 3.62 50.60X 
Torque versus rotational speed (30, 60, 120, 300 and 
600 RPM) data was taken in triplicate for each fluid at 
(2-23 
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five different temperatures; about 17, 25, 40, 60 and 82 °C. 
The fluid was maintained at the desired temperature by 
immersing the 600 ml, beaker in a constant temperature 
bath. The constant temperature bath was placed on a mag-
netic stirrer (the stirring bar was in the 600 ml, beaker) 
which was run while bringing the fluid up to temperature, 
but was shut off while rheological data were being taken. 
The temperature could be held constant within 0.1 degree 
Centigrade. A grooved cast acrylic lid was also fabricated 
to cover the 600 ml. beaker while the Carbopol solutions 
were at the higher temperatures to prevent evaporation 
losses. The apparatus is shown in Figure A-3. 
The average of the three readings of torque was used 
to calculate the shear stress. n", the slope of the log-
arithmic plot of torque (or shear stress) versus rotational 
speed, was needed to calculate the shear rate. n" was evalu-
ated for each fluid at each temperature using a linear re-
gression. The actual calculations were performed by the IBM 
1620 digital computer. The computer programs are enclosed 
at the end this appendix. The slope for each condition 
is listed in Table a-4. 
The shear rate at each point was then calculated using 
equation 2-12. The apparent viscosity was calculated using 
16 7 
FIG A-3 
CONSTANT TEMPERATURE APPARATUS FOR VISCOMETER 
 
/ 6 8 
TABLE A-4 
SLOPE OF "LOG SHEAR STRESS VERSUS ROTATIONAL 
SPEED" 
FLUID 	 TEMPERATURE 	 SLOPE 
0.15% Carbopol 	 18.5 	 0.656 
	
25.0 	 0.651 
	
41.3 	 0.681 
	
63.0 	 0.720 
	
82.0 	 0.717 
0.20% Carbopol 	 17.5 	 0.433 
	
25.0 	 0.436 
	
42.7 	 0.422 
	
61.7 	 0.427 
	
83.8 	 0.457 
0.24% Carbopol 	 18.6 	 0.370 
	
25.0 	 0.366 
	
41.8 	 0.363 
	
59.5 	 0.374 
	
83.5 	 0.341 
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The results are tabulated. in Table 
	
The flow behavior index, 	 and fluid consistency 
index, K, were calculated using a linear regression on the 
logarithm of the shear stress and shear rate. The results 
are listed in Table a-6. Since the fluid properties were 
needed as functions of temperature, the fluid consistency 
index was plotted versus the temperature on semilogarithmic 
coordinates, as suggested by Ferment (63). The points 
described a straight line which can be expressed as 
log K = A ± B (T) 	 (A-10 
The constants,'A and B, were calculated using a linear 
regression. The flew behavior index was not very temper-
ature dependent but could be expressed as 
	
n = C t D (T) 	 (A-11 
where C and D were evaluated using a linear regression. 
The results are given in Table A-7. 
TABLE A-7 
CONSTANTS FOR EQUATIONS A-10 and A-11 
Fluid a*  B 
(°C-1) 
C 
(°C321) 
0.15% Carbopol 0.702 -0.00947 0.631 0.00117 
0.20% Carbopol 1.607 -0.00610 0.423 0.00027 
0.24% Carbopol 1.906 -0.00308 0.378 
-0.00034 
* The use of these constants gives K in dynes sec.n/Cm.2 
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TABLE A-5 
RHEOLOGICAL DATA FOR CARBOPOL SOLUTIONS 
0.15% CARBOPOL 
TEMPERATURE 
	 SHEAR STRESS ROTATIONAL SHEAR APPARENT 
(0C) 	 (dynes/cm2) SPEED RATE VISCOSITY 
(RPM) 	 (see 1) (centipoise) 
18.5 14.2 
22.5 
36.2 
• 64-.7 
 101.5 
3o 
60 
120 
300 
600 
9.55 
19.1 
38.2 
95.6  
191.2 
118 
 
95  
142 
68 53 
25.0 13.1 
21.3 
32.7 
59.3 
93.1 
30 
60 
120 
300 
600 
  
9.63 
19.3 
38.5 
96.3 
192.6 
62  
136 
111 
85 
48 
41.3 15.0 
9.7 
24.5 45.8 
7.8 
 
60 
120 
300 
600 
18. 
36.8 
92.1 
 184.1 
9.21
4 81 
105 
67 
50 
0 
63.0 3.b6 
9.23 
15.5 	
 
5. 3 
 
30 
15 
60 
120 
k.35 
.71 
17.g 34.8 
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79 
82.0 
6.8 
4.2 6 
o 
10.55 
20.9 
36.9 
30 
120 
300 
600 
6o
874 
 
17.5 
35.0 
87.5 
174.9 
49 
39 
30 
24 
21 
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TABLE A-5 (cont.) 
TEMPERaTURE 
(°C) 
0.20% CARBOPOL 
SHEAR STRESS 	 ROTATIONAL 
(dynes/cm2) 	 SPEED 
(RPM) 
SHEAR 	 APPARENT 
RATE 	 VISCOSITY 
(sec-1) 	 (centipoise) 
17.5 97.6 30 1)i.5 	 674 
128.8 60 29.0 	 445 
170 120 57.9 	 29 255 300 144.8 
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•_289.6  359  600 
25.0 91.3 30 1.5 	 635 
122.6 6o 2 	 .8 	 14.26 
160 120 57.5 	 278 
2)4 300 143.8 	 168 341 600 287.6 
	 119 
4-2.7 75.2 3o 14.9 	 506 97.8 6o 29.7 	 329 
127.8 120 59.4 	 215 
193.5 300 148.6 	 130 265 600 27.2 	 89 
61.7 59.7 30 14.7 	 407 76.8 60 29.4 	 262 
99.8 120 58.7 	 170 
151.5 300 M6.8 	 103 215 
__600__ 297 73 
83.8 39.3 30 13.7 	 286 53.3 6o 27.4 	 194 68.3 120 54.9 	 124 
107.7 300 137.2 	 78 156.3 600 274.4 	 57 
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TABLE A-5 (cont.) 
TEMPERaTURE 
(°C) 
18.6 
0.24 % 
SHEAR STRSS 
(dynes/cm2) 
205 
259 
358 
462 
628 
CARBOPOL 
ROTATIONAL 
SPEED 
(RPM) 
30 
6o 
120 
300 
600 
SHEAR 
RATE 
(sem-I) 
17.0 
33.9 
67.8 
169.5 
338.9 
APPARENT 
VISCOSITY 
(centipoise) 
1240 
76 
5A- 
272 
185 
25.0 197 24
7 
312 
438 
593 
3o 
6o 
120 30
600. 
17.1 
34.3 
68.5 
171.3 
32 .6 
1150 
721 
455 
256 
173 
41.8 172 
215 
271 
383 
la 
3o 
6o 
120 
300 
600 
17.3 
34.6 
69.1 
172.7 
345.5 
996 
622 
392 
222 
148 
59.5 144 
 
235 
327 
142 
30 
60 
120 
300 
600 
16.8 
33.5 
67.1 
167.7 335.3 
859 
537 
350 
195 
132 
83.5 130 
157 
197 
274 
359 
30 
60 
120 
300 
600 
18.4 
36.8 
73.8 
183.9 
367.7 
707 
427 
268 
149 
98 
173 
TABLE A-6 
FLOW BEHAVIOR INDEX aND FLUID CONSISTENCY INDEX 
OF CARBOPOL SOLUTIONS 
FLUID 
	
TEMPERATURE n K 
(CC) 	 (dynes secn/cm2) 
0.15% Carbopol 	 18.5 
	
0.656 	 3.25 
25.0 	 0.651 	 3.05 
41.3 	 0.681 	 2.11 
63.0 	 0.720 	 1.19 
82.0 	 0.717 	 0.87 
0.20% Carbopol 	 17.5 	 0.433 	 30.1 
25.0 	 0.436 	 28.1 
42.7 	 0.422 	 23.5 
61.7 
	
0.427 	 18.3 
83.8 	 0.457 
	
11.6 
0.24% Carbopol 	 18.6 	 0.370 	 72.0 
25.0 	 0.366 	 68.2 
0.8 
 
	
0.363 	 59.7 
59.5 	 0.373 	 49.2 
83.5 	 0.341 
	 46.7 
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The flow behavior index and fluid consistency index 
expressed in the proper units are given in Table A-8. The 
data are plotted in Figures A-4, A-5 and A-6. 
	
The solid 
lines are the values for the shear stress calculated using 
equations A-9 and a-10 with the constants in Table A-6 while 
the plotted points are the data from which the constants 
were ealeulated. 
The effects of turbulence were noticed when, measur 
the 0.15% Carbopol at high speed. However, these runs were 
then redone using a smaller diameter spindle as suggested 
In Chapter 2. The data was also checked for temperature 
rise due to heat generation. The heat generated per unit 
volume can be calculated using equation 2-16. 
Heat Generation =τrJ 	 2-16 
The most viscous fluid at the highest shear rate generated 
8.31 x 10-5 cal./sec. A series of measurements at any one 
temperature at any speed took about five minutes at the 
longest. This amounts to a maximum temperature rise of 
0.025°C. which is negligible. Not only was this rise 
calculated on the basis of the conditions most prone to give 
high rates of heat generation, but also the system was con— 
sidered to be adiabatic, which is untrue. Thus, heat generation 
did not influence the rheological measurements. 
The torque required to rotate the spindle at a constant 
TABLE A-8 
FLOW BEHAVIOR INDEX AND FLUID CONSISTENCY 
INDEX FOR CARBOPOL SOLUTIONS 
0.15% CARBOPOL 
nut 0.631+ 0.00117T 
K= 6.72 x 10-2 x 10 (0.702 - 0.00947T) 
0,20% CARBOPOL  
na. 0.423+ 0.000267T 
K= 6.72 x 10-2  x 10 (1.607 - 0.00610T) 
0.24% CARBOPOL  
n= 0.378 - 0.00034T 
K= 6,72 x l0-2  x 10 (1.906 - 0.00308T) 
K is given in lb seen-2/ft. and n is dimensionless. 
T must be expressed in degrees Centigrade. 
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speed did not change with increasing times of shear. The 
Carbopol solutions therefore were net time-dependent. The 
rotating shaft of the spindle and also the impeller shaft 
were checked to see if the fluid crept up the shaft. There 
was an absence of creep and therefore the fluids were assumed 
to be non-viseoelastic. 
THERMAL CONDUCTIVITY  
The thermal conductivity, k, is used in both the Nusselt 
number and the Prandtl number. Bates (11) reports the 
thermal conductivity of both water and glycerine. The 
thermal conductivity of water is expressed as 
k = 0.00134 + 3.67 x 10-6T 	 (A-12 
for k in cal./cm.2 °C sec./cm. and T in degrees Centigrade. 
This is multiplied by 2L2 to give the thermal conductivity 
in the desired units. 
k = 0.325 + 0.000888T 	 (A-13 
for k in Btu/hr.ft.2 (o 
 F/ft.) and T in degrees Centigrade. 
The thermal conductivity of glycerine does not vary 
with temperature above a concentration of 90 percent. The 
thermal conductivity is 0.00072 and 0.00070 at 90 and 95 
percent pure respectively. The thermal conductivity of 
93.7 percent glycerine was interpolated to be 0.00071 cal./ 
cm.2 sec.°C/cm. or 0.172 Btu/hr. ft.2 °F/ft. The accuracy 
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reported in Bates (11) as ± 1.0 percent. 
The thermal eonductivity of the Carbopol solutions 
was measured in a concentric cylinder apparatus built by 
the author and described in reference 83. The accuracy 
of the instrument was estimated to be 
±
 5.0%. The ex- 
perimental values are presented in Table A-9. Within the 
accuracy of the data there is no significant difference 
between the Values for the different solutions. A regression 
analysis was performed, using all the data points to obtain 
a linear relationship between the thermal conductivity of 
the solutions and temperature. The relationship was found 
to be 
k=0.341+2.31 x 10-4T 	 (A-1l 
for k in Btu/hr. ft.2 (°F/ft.) and T in degrees Centigrade. 
The thermal conductivity of the solutions was about the same 
as water at 20°C and about 10 percent lower at 80°C. 
HEAT CAPACITY 
The heat capacity of water (given in Perry (113) at 
several different temperatures) varies very little with 
temperature. A constant value of 1.003 Btu/lb.°F covers 
the range between 0° and 100°C with a maximum of 0.6 per-
cent error. 
The heat capacity of glycerine solutions can be ex-
pressed by (130) 
TABLE A-9 
EXPERIMENTAL VALUES FOR THE THERMAL CONDUCTIVITY 
OF CARBOPOL SOLUTIONS 
CARBOPOL 
CONCENTRATION 
TEMPERATURE 
(°C) 
THERMAL CONDUCTIVITY 
(Btu/°F ft.2hr/ft.) 
0.15% 18.9 0.340 
41.8 0.355 
62.2 0.363 
80.6 0.353 
0.20% 17.7 0.342 
40.5 0.350 
60.5 0.348 
80.1 0.362 
0.24% 18.4 o.348 
40.5 0.365 
6o.6 0.345 
80.6 0.358 
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(A-15 
Heat capacity data for 100% glycerine is reported at many 
temperatures (49, 95, 143) and can be expressed as 
	= 0.535+ 0.00132T 	(A-16 CP(100% GLYCERINE) = 
for C in Btu/lb.°F for T in degrees Centigrade. Sub-
stituting the above value for water and equation A-16 for 
100% glycerine in equation A-15 yields 
=
 (1.003)(0.063) + 0.937 (0.535+0.00132T) 	 (A-17 CP(SOLN) - 
or 
=0.565 + 0.0014T 	 (A-18 Cp(93.7% GLYCERINE)  
with an estimated accuracy of 	 3.0 percent. 
The heat capacity of Carbopol solutions of approximately 
the same concentrations used in this thesis were reported 
by Ferment (63) to be the same as for water. Ferment 
estimated the accuracy of his measurements to be ± 5.0 per-
cent. Thus the heat capacity of the Carbopol solutions was 
1.003 + 5.0% Btu/lb.°F. 
DENSITY 
Values of the density, ρ , of water at various temp-
eratures are reported by Badger and McCabe (10). The data 
were assumed to be represented by an equation of the form 
/83 
A-19 
Sets of data were used to write two simultaneous equations 
which were solved for a and b. 
(A-20 
where ρ is expressed in lb.m/ft.3 and T is expressed in 
degrees Centigrade. The use of this equation was found to 
represent the data to within ±0.3%. 
The density of 93.7 percent glycerine was graphically 
interpolated from data supplied, by the Glycerine Producers' 
Association (7)). The density was found to vary linearly 
with temperature and could be represented within ± 0.3% by 
ρ
 = 78.53 - 4.06 x 10-2T 	 (A-21 
where (ρ is expressed in lb.m/ft.3 for T in degrees Centigrade. 
The density of the Carbopol solutions was determined 
experimentally using calibrated pycnometers. The data 
listed in Table A-10 were obtained with an estimated accuracy 
of ± 0.1%. The density was the same within experimental 
accuracy for all three solutions and was consistently about 
0.1% above the corresponding values for water. Multiplying 
the equation for the density of water by 1.001 yields 
 = 62.48 - 1.661 x 10-3T - 2.48 x 10-4 T2 	 (A-22 
184 
which expresses the density of the Corbel's,' solutions with 
an estimated error of ± 0.35%. 
TABLE A-10 
DENSITY OF CARBOPOL SOLUTIONS 
TEMPERATURE 	 DENSITY (g/cm2) 
(°C) 	 0.15% Carbopol 	 0.20% 	 0.24% 
Carbopol 	 Carbopol 
	
19.9 	 0.999 	 1.000 	 1.000 
	
40.8 	 o.993 	 O.99 	 0.993 
	
60.7 	 0.984 
	 0.986 	 0.985 
	
79.9 
	 0.973 	 0.972 	 0.972 
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NOMENCLATURE FOR APPENDIX A 
ENGLISH ALPHABET 
A 	 = Constant in eq. A-9 and eq. A-10 
B= Constant in q. A-9 and eq. A-10 
C= Constant in eq. A-6 and eq. A-11 
cpHeat capacity 
C 	 = Heat capacity of an aqueous glycerine solution 
ISOLN) 
= Heat capacity of water 
(H20) 
 
=
 Heat capacity of 100% glycerine 
1100% glycerine) 
D 	 = Constant in eq. A-6 and eq. A-1I 
 Correction factor hb
	 = Height of spindle 
he 	 Is Effective height of spindle 
J= Conversion factor of mechanical energy to heat 
energy 2.39 x 10-8 cal./dyne-cm. 
K= Fluid consistency index 
k= Thermal conductivity 
N= Rotational speed of spindle (Revolutions per 
minute or second) 
n 	 = Flow behavior index 
n'' 	 = Slope of logarithmic plot of the torque versus 
rotational speed of spindle 
Re 
	 = 
 Radius of cup 
Rb 	
 Radius of spindle 
= Temperature 
186 
Ts 	 =  Torque 
X 	 = Pereent of full scale reading on viscometer 
GREEK ALPHABET 
µ= Newtonian viscosity 
µa= Apparent viscosity 
ρDensity 
ρo = Density at 0°C 
τ= Shear stress 
τw= Shear stress at spindle wall 
γ 	 Shear rate 
γw= Shear rate at spindle wall 
Ø  = Fluidity = 1/µ 
Computer Programs For 
Evaluating Rheological Data 
/87 
Phase I Calculation of Slope of logarithmic Plot of 
	
188 
Shear Jtress Versus RPM 
NOMENCLATURE FOR PHASE  
B= The logarithmic slope of shear stress versus 
rotational speed of viscometer bob 
DF2 = Degrees of freedom 
Number of data points 
RA = Correlation coefficient 
RPM = Rotational speed of viscometer bob in rev./min. 
SHST = Shear stress in dylnes/cm2. 
SB = Standard error in B 
Ta = T of the T test 
TEMP = Temperature 
DATA 
The first card of a set of data had the values for N and 
N. M was a constant with value 2.0. The next N cards 
each had three numbers corresponding to the temperature, 
shear stress; and rotational speed of a particular run. 
The temperature was not needed in this program but was on 
the card for later use. 
189 
Phase II 	 Calculation of the Power Law Constants 	 190 
NOMENCLATURE FOR PHASE II 
A 	 • Log of fluid consistency index 
B 	 = Flow behavior index 
D = Slope of logarithmic plot of shear stress versus 
RPM (B of Phase I) 
DF2 = Degrees of freedom 
N = Number of data points per set 
= Constant equal to 2 
RA = Correlation coefficient 
RPM = Rotational speed of impeller bob 
SE = Standard error in computed B 
 SHST = Shear stress (dynes/cm2) 
 
SYGX= = Standard error in Y 
TA 	 = T of T test 
TEMP = Temperature 
XK = Fluid consistency 
DATA 
The first card of a set of data had the values of N, M 
and D. The next N cards each had three values corresponding 
to the temperature, shear stress, and shear rate. 
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Phase III 	 Calculation of Fluid. Consistency  
Index as Function of Temperature_ 
Log K = B(Temp) 
	 A 
/93 
NOMENCLATURE FOR PHASE III  
A 	 = A in Log K = B (Temp) A 
• B in above equation 
CONC = Concentration of Carbopol (used for identification 
purposes) 
• Number of sets of data for each fluid 
Constant equal t® 2.0 
TEMP = Temperature 
XINT 
	
Log K 
XSL 	 Flew behavior index (used in Phase IV) 
Phase IV 	 Correlation of Flow Behavior Index 
	
194  
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APPENDIX B 
1. Heat Transfer Data 
2. Computer Programs For Calculating Heat 
Transfer Results 
Heat Transfer Results 
HEAT TRANSFER DATA 
FOR WATER 
USING NON-STANDARD 
IMPELLER POSITIONS 
/96 
/97 
DATA 
WATER 
Run 
Heating 
Batch Weight 
Diameter 
x Height 
(inches x 
inches) 
= 94.0 lbs. 
RPM 
Anchor - 
Time = 2.0 min. 
Areal (ft. 	 ) 	 Dynamometer 	 Temperature 	 (°C) 
Scale 	 Batch 	 Wall 
(lbs) 	 1 	 2 	 1 	 2 
Clearance = 3.0 inches 
47 9.0 50 6.20 0.37 61.0 78.0 77.4 89.2 
48 9.0 90 6.20 1.38 74.7 88.7 85.1 95.7 
49 9.0 135 6.23 4.55 73.1 88.6 82.3 94.0 
50 9.0 210 6.35 8.73 66.0 84.1 74.9 90.0 
Cooling 
47 9.0 50 6.20 0.7 83.5 69.6 70.3 59.6 
48 9.0 90 6.20 1.38 58.1 49.6 51.0 44.0 
49 9.0 155 6.23 4.55 73.3 60.2 66.0 54.5 
50 9.0 210 6.35 8.73 51.9 43.5 47.7 40.0 
Reversing Pitch Paddles - Center fleight = 6.0 inches 
Heating 
55-  9.0 x 0.7 110 6.20 0.28 74.3 86.0 86.2 95.0 
54 9.0 x 0.7 170 6.20 0.68 59.5 76.7 74.6 87.0 
53 9.0 x 0.7 242 6.23 1.48 56.8 75.8 70.4 85.6 
52 9.0 x 0.7 365 6.23 3.48 62.9 81.0 73.1 88.1 
51 9.0 x 0.7 445 6.27 5.35 60.7 80.0 71.0 86.8 
Cooling 
55 9.0 x 0.7 110 6.20 0.28 85.1 71.1 72.4 60.8 
54 9.0 x 0.7 170 6.20 0.68 66.1 56.2 57.7 49.0 
53 9.0 x 0.7 242 6.23 1.48 39.2 34.0 35.1 30.5 
52 9.0 x 0.7 365 6.23 3.48 64.2 53.7 57.6 48.3 
51 9.0 x 0.7 445 6.27 5.35 74.0 61.3 67.1 55.4 
Run 
DATA 	
198 
PADDLES 
Batch Weight = 94.0 lbs. 
	
Time = 2.0 min. 
Center 	 Diameter 	 RPM 	 Areal 
	
Dynamometer 	 Temperature (°C) 
Height 	 x Height 	 (ft. 	 ) 	 Scale 	 Batch 	 Wall 
(inches) 	 (inches x 	 (lbs) 	 1 	 2 	 1 	 2 
inches) 
Heating 
 
60 4.5 8.0 x 1.0 126 6.20 0.53 71.0 84,5 85,8'95.5 
61 4.5 6.0 x 1.0 127 6,20 0.15 68.1 81.3 87.5 94.7 
28 5.0 4,0 x 2.Q 100 6.20 0.03 70.0 82.2 88.3 95.4 
29 5.0 4.0 x 2.0 100 6.20 0.03 57.6 72.7 81,0 89.7 
30 5.0 4.0 x 2.0 190 6.20 0.09 78.0 89.8 91,1 98.7 
31 5.0 4.0 x 2.0 595 6,23 1.00 80.0 92.2 90.2 98.0 
32 5.0 4.0 x 2.0 535 6.23 2.10 81.0 92.9 89.4 97.7 
33 5.0 4.0 x 2.0 620 6.27 2.85 77.7 91.1 86.8 96.6 
38 6.0 5.0 x 2.0 92 6.20 0.15 72.5 84.3 87.5 95.0 
37 6.0 5.0 x 2.0  185 6.20 0.55 72.5 85.5 84.5 93.0 
36 6.0 5-.0 x 2.0 242 6.20 1.00 76.0 88.5 85.3 94.5 
35 6.0 5.0 x 2.0 390 6.23 2.85 75.1 89.6 84.6 95.0. 
34 6.0 5.0 x 2.0 475 6.27 4.70 77.7 91.8 85.5 95.9 
59 6.5 8,0 x 1.0 125 6.20 0.57 79.3 91.5 90.0 99.0 
63 6.5 6,0 x 1.0 125 6.20 0.15 69.0 81.7 86.2 94.0 
66 6.5 4.0 x 1.0 125 6.20 0.02 68.0 79.9 89.2 95.5 
116. 6.63 5.0 x 0.75 120 6.20 0,11 51.4 67.3 77.0 87.6 
117 6.63 5.0 x 0.75 320 6.20 0.40 61.2 77.8 77.1 89.0 
118 6.63 5.0 x 0.75 515 6.23 1.28 74.6 88.8 85.7 94.9 
119 6.63 5.0 x 0.75 715 6.23 2.63 64.6 81.8 75.2 90.0 
112 7.63 5.0 x 0.75 100 6.20 0.05. 52.7 67.1 80.0 88.0 
113 7.63 5.0 x 0.75 315 6.20 0.43 74.1 84.8 83.4 91.6 
114 7.63 5.0,x 0.75 513 6.23 1.31 68.0 83.4 80.8 91.8 
115 7.63 5.0 x 0.75 705 6.23 2.56 62.5 80.8 73.3 88.5 
21* 8.0 7.0 x 2.0 78 	 '6.27 0.24 71.6 85.0 83.8 93.5 
22*, 8.0 7.0 x 2.0 117 6.27 0.85 57.6 75.7 71.5 85.0 
23* 8.0 7.0 x 2.Q 184 6,27 2.20 61.5 80.0 73.0 88.0 
24* 8.0,  7.0 x 2.0 220 6.27 3.45 72.0 87.6 81.0 92.8 
25* 8.0 7.0 x 2.0 260 6.27 4.93 57.7 77.5 69.0 84.8 
26* 8.0 7.0 x 2.0 335 6.27 8.95 79.4 92.2 86.0 96.0 
27* 8.0 7.0 x 2.0 285 6.20 6.17 53.7 74.7 74.7 82.2 
58 8.5 8.0 x 1.0 125 6.20 0.58 80.0 92.5 90.3 99.0 
64 8.5 6.0 x 1.0 125 6.20 0.17 72.9 84.3 85,1 92.5 
65 8.5 4.0 x 1.0 125 6.20 0.02 68.8 80.1 86.7 92.6 
46 9.0 8.0 x 2.0 63 	  6.20 0.48 61.7 78.5 76.8 88.9 
45 9.0 8.0 x 2.0 110 6.23 1.35 58.3 76.9 70.9 85.8 44 9.0 8.0 x 2.0. 190 6.27 4.28 67.4 84.7 76.5 90.0 
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Run 	 Center 	 Diameter 	 RPM 	 Area 	 Scale 	 Temperature (°C) 
Height 	 x Height 	 Batch 	 Wall 
1 	 2 	 1 	 2 
200 
Run Center H ight
Diameter 
RPM Area Scale Temperature (00) 
Batch 	 Wall 
1 	 2 	 1 	 2 
44 9.0 8.0 x 2.0 190 6.27 4.28 78.2 65.7 71.3 60.0 
43 9.0 8.0 x 2.0 250 6.35 7.70 42.5 36.5 39.0 33.7 
108 9.0 5.0 x 1.5 104 6.20 0.16 41.3 36.6 34.9 31.3 
109 9.0 5.0 x 1.5 190 6.20 0.48 51.1 44.2 44.9 38.6 
110 9.0 5.0 x 1.5 335 6.23 1.76 44.9 39.0 40.8 35.3 
111 9.0 5.0 x 1.5 515 6.27 4.23 60.9 51.1 56.3 47.2 
56 10.0 8.0 x 4.0 49 6.20 0.43 71.0 60.5 60.8 52.8 
57 10.5 8.0 x 1.0 125 6.20 0.56 4./ 47.7 48.0 41.7 
• Batch Weight = 94.4 lbs. 
201 
DATA 
Run 
WATER - 
Batch Weight = 94.0 lbs. 
Clearance 	 Diameter 	 RPM 
(inches) 	 (inches) 
PROPELLERS 
Time = 2.0 min. 
Areal 	 Dynamometer 	 Temperature (°C) 
(ft.2) 
	
Scale 	 Batch 	 Wall 
(lbs) 	 1 	 2 	 1 	 2 
Heating 
202 
DATA 
WATER - TURBINES 
Batch Weight = 94.0 lbs. 	 Time = 2.0 min. 
Run 	 Center 	 Diameter 	 RPM Areal 	 Dynamometer Temperature (°C) 
Height 	 x Height 	 (ft. ) 	 Scale 	 Batch 	 Wall 
(inches) (inches 	 (lbs) 1 	 2 	 1 	 2 
	
x inches)  
2 03 
Run Center 
Height 
Diameter 
x Height 
RPM Area Dynamometer 	 Temperature (°C) 
Scale 	 Batch 	 Wall 
1 2 1 2 
Six-Bladed - Open Bladed Turbine - Curved Blades 
182 '7.0 4.0 x 0.50 218 6.20 0.25 51.3 44.4 41.9 36.9 
183 7.0 4.0 x 0.50 453 6.20 0.51 56.7 48.3 49.6 42.2 
184 7.0 4.0 x 0.50 710 6.20 1.41 57.5 48.7 51.7 44.1 
185 7.0 4.0 x 0.50 940 6.20 2.68 61.8 52.0 56.2 47.2 
204 
HEAT TRANSFER DATA 
USED IN CORRELATIONS 
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DATA 
ANCHOR WATER 
Batch Weight = 94.0 lbs. 
Run 	 Diameter 	 RPM 	 Area, 	 Dynamometer 
(inches) 	 (ft.2) 	 Scale 
(lbs) 
Clearance = 5.0 inches 
Temperature (°C) 
Batch 	 Wall 
1 	 2 	 1 	 2 
Time 
Heating 
67 9.0 55 6.20 0.56 57.8 73.1 72.7 83.6 2.0 
68 9.0 90 6.23 1.58 77.4  89.0 85.8 94.2 2.0 
69 9.0 150 6.27 4.68 79.5 92.7 86.2 97.0 2.0 
70 9.0 207 6.38 8.83 87.3 84.9 75.2 90.1 2.0 
Cooling 
67 9.0 55 6.20 0.56 42.2 56.6 36.7 31.7 2.0 
68 9.0 90 6.23 1.58 40.1 34.8 38.2 31.4 2.0 
69 9.0 150 6.27 4.65 47.3 40.7 4.3.4  37.2 2.0 
70 9.0 207 6.38 8.53 59.5 49.5 54.5 45.8 2.0 
95.7% GLYCERINE 
Batch Weight = 117.7 lbs. Clearance = 5.0 inches 
Heating 
235 9.0 56 6.20 0.63 s3.9 64.0 96.4 97.8 2.0 
256 9.0 96 6.20 2.15 59.3 71.6 92.8 97.2 2.0 237 9.0 152 6.20 5.40 52.7 66.3 81.9 90.0 2.0 258 9.0 196 6.23 9.25 53.0 66.8 79.9 88.3 2.0 
Cooling 
235 9.0 56 6.20 0.65 62.9 55.7 26.4 23.1 2.0 236 9.0 96 6.20 2.15 69.8 58.7 36.1 29.1 4.0 237 
 
9.0 152 6.20 5.40 68.2 56.3 40.6 31,4 4.0 238 9.0 196 6.23 9.25 45.3 38.2 25.2 20.4 4.0 
0.0 Percent CARBOPOL 
0.24 Percent CARBOPOL 
206 
DATA 
ANCHOR 
CARBOPOL SOLUTIONS 
Batch Weight = 94.4 lbs. 
	
Clearance = 5.0 inches 
Run 	 Diameter 	 RPM 	 Area2 	 Dynamometer 	 Temperture (°C) 
(inches) 
	 (ft. 
	 ) 	 scale Batch 	 Wall 
Time 
(min) 
(lbs) 	 1 2 1 2 
0.15 Percent CARBOPOL 
Heating 
373 	 9.0 
374 	 9.0 
375 	 9.0 
376 	 9.0 
Cooling 
373 	 9.0 
374 	 9.0 
375 	 9.0 
376 	 9.0 
Heating 
415-2 9.0 
414 	 9.0 
416 	 9.0 
417 
	 9.0 
Cooling 
415 
	 9.0 
414 
	 9.0 
416 	 9.0 
417 	 9.0 
Heating 
456 
	 9.0 
455 	 9.0 
454 	 9.0 
Cooling  
457-2 9.0 
456 	 9.0 
455 	 9.0 
454 	 9.0 
DATA 
PADDLES 
WATER 
Batch Weight = 94.0 lbs. 
	 Center Height = 7.0 inches 
2O7 
Run Diameter 
x Height 
(inches x 
inches) 
8TH Areal 
 
(ft. 
	 ) 
Heating 
124 4.0 x 1.0 110 6.20 
125 4.0 x 1.0 340 6.20 
126 4.0 x 1.0 525 6.4.0 
127 4.0 x 1.0 724 6.23 
120 4.0 x 2.0 105 6.20 
121 4.0 x 2.0 304 6.20 
122 4.0 x 2.0 472 6.23 
123 4.0 x 2.0 598 6.23 
143 5.0 x 1.0 96 6.20 
146 5.0 x 1.0 112 6.20 
144 5.0 x 1.0 295 6.20 
145 5.0 x 1.0 475 6.23 
104 5.0 x 1.5 98 6.20 
105 5.0 x 1.5 185 6.20 
106 5.0 x 1.5 356 6.23 
107 5.0 x 1.5 540 6.27 
100 5.0 x 2.0 107 6.20 
101 5.0 x 2.0 185 6.20 
102 5.0 x 2.0 335 6.23 
103 5.0 x 2.0 455 6.23 
96 6.0 x 1.0 112 6.20 
97 6.0 x 1.0 190 6.20 
98 • 6.0 x 1.0 358 6.20 
99 6.0 x 1.0 478 6.23 
39 6.0 x 2 85 6.20 
40 6.0 x 2 130 6.20 
41 6.0 x 2 260 6.23 
42 6.0 x 2 350 6.27 
92 7.0'x 
	
1.0 108 6.20 
93 7.0'x 	 1.0 176 6.20 
94 7.0 x 
	
1.0 305 6.25 
95 7.0 x 1.0 407 6.23 
88 
89 
7.0 x 2.0 
7.0' x 2.0 
77 
135 
6.20 
6.20 90 7.0 x 2.0 225 6.23 91 7.0 x 2.0 326 6.27 
Dynamometer 
	 Temperature (°C) 
Scale Batch 	 Wall 
(lbs) 1 2 1 2 
56.6 71.0 79.8 90.0 2.0 
65.0 80.5 80.6 91.0 2.0 
72.9 86.8 83.5 93.9 2.0 
82.0 94.5 
 89.3 98.8 2.0 
67.6 80.7 84.5 92.4 2.0 
64.7 80.7 77.5 89.5 2.0 
69.7 85.7 t0.1 92.2 2.0 
66.5 83.8 75.0 90.1 2.0 
71.1 83.4 87.9 95.5 2.0 
74.3 86.5 88.8 92.0 2.0 
76.2 89.7 87.2 95.8 2.0 
70.5 86.7 80.0 93.2 2.0 
72.0 85.9 86.8 94.8 2.0 
75.5 86.3 86.2 95.6 2.0 
71.7 85.2 81.5 91.8 2.0 
62.9 81.3 72.2 88.7 2.0 
57.0 73.7 75.6 86.5 2.0 
73.9 87.3 84.5 94.2 2.0 
77.8 90.3 85.6 95.7 2.0 
65.0 80.1 72.5 87.0 2.0 
70.7 83.2 84.8 95.9 2.0 
74.9 87.5 86.2 95.4 2.0 
60.0 78.7 72.6 87.4 2.0 
61.0 79.9 71.9 87.8 2.0 
73.4 86.0  85.3 94.7 2.0 
82.3 92.2 90.0 97.7 2.0 
57.2 75.8 69.3 84.5 2.0 
70.0 85.6 79.0 91.2 2.0 
60.2 76.0 78.6 89.1 2.0 
70.0 84.8 82.7 93.1 2.0 
68.0 84.0 79.0 91.5 2.0 
71.7 87.3 81.5 93.5 2.0 
56.4 72.2 72.9 83.8 2.0 
59.3 73.5 
77.9 
69.2 1.5 $2.1 <7.6 94.3 2.0 2.0 
64.6 83.0 73.2 89.1 2.0 
Time 
(min.) 
0.07 0.33 
0.87 
1.84 
0.15 
0.59 
1.69 
2.98 
0.05 
0.11 
0.70 
1.98 
0.13 
0.40 
1.73 
4.28 
0.25 
0.33 
2.03 
3.88 
0.47 
1.93 
3.73 
0.13 
0.55 
2.59 
5.08 
0.24 
0.61 
2.36 
4.33 
0.29 
1.16 
3.58 
7.88 
208 
Run Diameter 
x Height 
RPM Area Dynamometer. 	 Temperature (°C) 
Batch 	 Wall 
1 	 2 	 1 	 2 
Time 
84 7.0 x 3.0 75 6.20 0.50 71.1 85.0 82.7 92.8 2.0 
85 7.0 x 3.0 120 6.20 1.38 61.7 79.8 74.1 88.2 2.0 
86 7.0 x 3.0 195 6.23 3.98 62.3 81.3 72.7 88.6 2.0 
87 7.0 x 3.0 270 6.27 8.03 63.7 82.5 72.3 88.5 2.0 
75 8.0 x 1.0 78 6.20 0.17 76.7 87.8 89.7 96.8 2.0 
76 8.0 x 1.0 77 6.20 0.15 82.8 92.3 94.0 99.0 2.0 
77 8.0 x 1.0 150 6.20 0.82 76.0 87.6 66.4 95.4 2.0 
78 8.0 x 1.0 260 6.23 2.85 59.0 78.0 70.7 86.7 2.0 
79 8.0 x 1.0 360 6.27 5.58 72.7 88.3 81.2 94.0 2.0 
71 8.0 x 2.0 58 6.20 0.25 63.3 83.0 83.1 92.7 2.0 
72 8.0 x 2.0 105 6.23 1.15 64.1 81.4 77.1 90.1 2.0 
73 8.0 x 2.0 194 6.23 4.25 83.0 94.2 89.5 9'-'.9 2.0 
74 8.0 x 2.0 260 6.31 9.28 79.0 92.2 85.6 96.3 2.0 
80 8.0 x 4.0 60 6.20 0.53 45.3 65.4 61.9 ;8.9 2.0 
81 8.0 x 4.0 92 6.20 1.59 58.0 76.1 70.7 85.3 2.0 
82 8.0 x 4.0 148 6.23 4.75 58.6 77.2 68.7 84.5 2.0 
83 8.0 x 4..) 200 6.35 9.03 62.3 81.3 70.0 87.3 2.0 
Cooling 
124 4.0 x 1.0 110 6.20 0.07 66.9 58.5 49.1 42.8 2.0 
125 4.0 x 1.0 340 6.20 0.33 55.7 47.9 47.0 41.2 2.0 
126 4.0 x 1.0 525 6.20 0.87 48.3 41.3 42.3 36.7 2.0 
127 4.0 x 1.0 724 6.23 1.84 56.7 48.8 50.7 43.2 2.0 
120 4.0 x 2.0 105 6.20 0.15 66.9 50.6 46.2 40.3 2.0 
121 4.0 x 2.0 304 6.20 0.5) 66.8 57.0 58.1 50.0 2.0 
122 4.0 x 2.0 472 6.23 1.69 52.7 45.2 47.8 40.8 2.0 
123 4.0 x 2.0 598 6.23 2.89 52.6 44.8 4,7.6 41.1 2.0 
143 5.0 x 1.0 96 6.20 0.05 49.8 44.2 40.3 36.1 2.0 
146 5.0 x 1.0 112 6.20 0.11 64.2 55.5 52.3 45.4 2.0 
144 5.0 x 1.0 295 6.20 0.70 56.5 48.3 50.4 42.8 2.0 
145 5.0 x 1.0 475 6.23 1.98 49.5 42.2 45.0 38.5 2.0 
104 5.0 x 1.5 98 6.20 0.13 42.0 36.9 34.1 29.7 2.0 
105 5.0 x 1.5 185 6.20 0.40 46.0 39.9 39.8 34.7 2.0 
106 5.0 x 1.5 356 6.23 1.73 47.3 40.6 42.6 38.5 2.0 
107 5.0 x 1.5 540 6.27 4.28 73.8 61.3 66.8 55.8 2.0 
100 5.0 x 2.0 107 6.20 0.25 47.4 42.1 39.8 35.1 2.0 
101 5.0 x 2.0 185 6.20 0.33 44.0 30.2 38.8 33.8 2.0 
102 5.0 x 2.0 335 6.23 2.03 54.3 46.2 49.0 42.2 2.0 
103 5.0 x 2.0 455 6.23 3.88 73.3 60.4 66.3 55.3 2.0 
96 6.0 x 1.0 112 6.20 0.21 61.9 53.4 4).5 45.0 2.0 
97 6.0 x 1.0 190 6.20 0.47 50.5 43.5 42.7 37.5 2.0 
98 6.0 x 1.0 358 6.20 1.93 51.8 44.3 46.5 39.5 2.0 
99 6.0 x 1.0 478 6.23 3.73 51.6 43.7 47.0 40.0 2.0 
39 6.0 x 2.0 85 6.20 0.13 49.5 43.3 42.1 36.2 2.0 
40 6,0 x 2.0 130 6.20 0.55 62.7 52.9 54.0 46.0 2.0 
209 
Run Diameter 
x Height 
RPM Area 'Dynamometer 	 Temperature (oC) 
Batch 	 Wall 
1 	 2 	 1 	 2 
Time 
210 
DATA 
ADDLES 
95.7% GLYCERINE 
Batch Weight = 117.7 lbs. 	 Center Height = 7.0 inches 
Run 	 Diameter 	 RPM 	 Area 	 Dynamometer 	 Temperature (00) Time 
x Height 	 (ft. 2) 	 Scale 	 Batch 	 Wall 	 (min) 
(inches x 	 (lbs) 	 1 	 2 	 1 	 2 
inches) 
Heating 
262 4.0 x 1.0 240 5.20 0.23 44.8 53.2 96.0 96.8 2.0 
261 4.0 x 1.0 455 6.20 0.69 53.3 64.3 94.2 96.0 2.0 
260 4.0 x 1.0 708 6.20 1.80 54.8 67.5 90.7 94.8 2.0 
259 4.0 x 1.0 935 6.20 3.35 61.8 74.8 90.8 95.4 2.0 
258 4.0 x 2.0 224 6.20 0.37 48.2 53.7 94.2 96.8 2.0 
257 4.0 x 2.0 320 6.20 0.81 64.1 73.9 95.8 98.3 2.0 
256 4.0 x 2.0 425 6.20 1.45 53.5 66.0 88.8 96.3 2.0 
255 4.0 x 2.0 570 6.20 2.60 59.7 72.4 90.3 95.8 2.0 
253 6.0 x 1.0 105 6.20 0.15 40.2 49.4 '5.2 97.2 2.0 
254 6.0 x 1.0 198 6.20 0.68 56.5 66.7 96.5 97.8 2.0 
252 6.0 x 1.0 333 6.20 1.88 69.3 79.5 96.8 ?9.2 2.0 
251 6.0 x 1.0 498 6.20 4.55 55.5 69.7 88.2 93.5 2.0 
250 6.0 x 2.0 85 6.20 0.25 34.9 49.8 96.1 96.7 2.0 
249 6.0 x 2.0 152 6.20 1.10 58.1 67.0 93.1 93.2 2.0 
248 6.0 x 2.0 280 6.20 3.25 59.7 72.1 89.6 95.3 2.0 247 6.0 x 2.0 355 6.20 5.60 46.8 63.2 80.3 91.0 2.0 
246 8.0 x 1.0 90 6.20 0.37 49.8 59.3 95.8 98.2 2.0 
245 8.0 x 1.0 154 6.20 1.11 49.8 61.3 92.8 95.7 2.0 
244 8.0 x 1.0 260 6.20 3.50 60.4 73.2 )1.9 95.7 2.0 
243 8.0 x 1.0 336 6.20 5.95 48.0 64.1 83.8 90.5 2.0 
242 8.0 x 2.0 78 6.20 0.55 50.6 60.8 95.7 97.3 2.0 
241 8.0 x 2.0 122 6.20 1.67 66.0 76.0 95.2 98.0 2.0 
240 8.0 x 2.0 192 6.20 4.60 55.0 69.0 86.9 94.0 2.0 
239 8.0 x 2.0 255 6.23 8.10 56.8 68.0 80.7 86.6 2.0 
211 
DATA 
PADDLES 
93.7% GLYCERINE 
Run 
Batch Weight 
Diameter 
x Height 
= 117.7 
RPM 
lbs. 
Area 
(ft.2) 
Center Height = 7.0 inches 
Dynamometer 	 Temperature (°C) 
Batch 	 Wall 
Time 
(min) 
(inches x 
inches) 
1 2 1 2 
Cooling 
262 4.0 x 1.0 240 6.20 0.23 60.3 55.1 23.3 20.1 4.0 
261 4.0 x 1.0 465 6.20 0.69 66.8 58.2 30.8 24.2 4.0 
260 4.0 x 1.0 708 6.20 1.80 65.0 55.2 35.2 26.3 4.0 
259 4.0 x 1.0 935 6.20 3.35 58.7 49.7 32.2 
24.4 4.j 
258 4.0 x 2.0 224 6.20 0.37 57.6 51.9 22.7 20.5 4.0 
257 4.0 x 2.0 320 6.20 0.81 54.6 56.5 29.9 25.3 4.0 
256 4.0 x 2.0 425 8.20 1.45 65.8 56.3 52.9 27.6 4.0 
255 4.0 x 2.0 570 6.20 2.60 64.0 53.7 35.6 28.2 4.0 
253 6.0 x 1.0 105 6.20 0.15 60.6 55.8 21.3 19.4 4.0 
254 6.0 x 1.0 198 6.20 0.68 62.5 55.2 25.2 23.5 4.0 
252 6.0 x 1.0 153 6.20 1.88 65.8 55.8 34.8 27.0 4.0 
251 6.0 x 1.0 498 6.20 4.55 60.7 50.5 35.0 27.2 4.0 
250 6.0 x 2.0 85 6.20 0.25 61.2 55.7 22.8 21.6 4.0 
249. 6.0 x 2.0 152 6.20 1.10 56.4 50.0 24.7 21.2 4.0 
248 6.0 x 2.0 280 6.20 3.25 58.4 49.5 31.5 24.7 4.0 
247 6.0 x 2.0 355 6.20 5.60 58.2 48.4 54.0 25.2 4.0 
246 
245 
8.0 x 1.0 
8.0 x 1.0 
90 
154 
6.20 
6.20 
0.37 
1.11 
	
57.8 	 52.2 	 19.8 
	
64.0 	 55.7 	 28.0 
18.7 
23.2 
4.0 
4.0 
244 8.0 x 1.0 260 6.20 3.50 64.6 54.3 34.7 27.2 4.0 
243 8.0 x 1.0 336 6.20 5.95 80.9 71.3 57.3 43.3 4.0 
242 8.0 x 2.0 78 6.20 0.55 61.3 54.8 23.7 21.2 4.0 
241 8.0 x 2.0 122 6.20 1.67 66.4 56.8 33.3 27.1 4.0 
240 8.0 x 2.0 192 6.20 4.60 63.7 52.4 36.8 29.5 4.0 
239 8.0 x 2.0 255 6.23 8.10 64.3 52.7 38.9 30.4 4.0 
2/a 
DATA 
PADDLES 
0.15 PERCENT CARBOPOL 
Run 
Batch Weight 
Diameter 
x Height 
(inches x 
inches) 
= 94.4 lbs. 
RPM 	 Areal  
(ft. 	 ) 
Center Height = 7.0 inches 
Dynamometer 	 Temperature (00) 
Scale 	 Batch 
	 Wall 
(lbs) 	 1 	 2 	 1 	 2 
Time 
(min) 
Heating 
345 4.0 x 1.0 224 6.20 0.17 48.6 57.1 94.8 96.5 2.0 
346 4.0 x 1.0 324 6.20 0.20 56.8 66.0 92.8 95.2 2.0 
347 4.0 x 1.0 540 6.20 0.83 53.8 65.2 86.7 93.1 2.0 
348 4.0 x 1.0 696 6.20 1.45 49.5 61.8 76.2 87.9 2.0 
349 4.0 x 2.0 216 6.20 0.25 55.3 64.5 89.8 92.8 2.0 
350 4.0 x 2.0 320 6.20 0.61 56.9 67.5 88.1 93.4 2.0 
351 4.0 x 2.0 494 6.20 1.71 52.0 73.3 88.3 93.7 2.0 
352 4.0 x 2.0 622 6.20 2.78 51.7 65.0 73.3 86.8 2.0 
357 6.0 x 1.0 103 6.20 0.15 38.7 47.7 92.3 94.3 2.0 
358 6.0 x 1.0 272 6.20 1.05 58.9 69.8 89.5 93.6 2.0 
359 6.0 x 1.0 416 6.20 2.63 58.3 70.7 83.7 91.3 2.0 
360 6.0 x 1.0 526 6.20 4.33 53.8 67.4 73.4 86.3 2.0 
361 6.0 x 2.0 93 6.20 0.31 46.7 56.9 59.7 92.7 2.0 
362 6.0 x 2.0 167 6.20 0.85 51.6 63.1 86.7 93.0 2.0 
363 6.0 x 2.0 292 6.20 2.93 60.7 73.2 84.3 92.7 2.0 
364 6.0 x 2.0 390 6.20 5.28 54.7 68.7 72.9 85.8 2.0 
365 8.0 x 1.0 94 6.20 0.45 49.3 59.0 90.2 94.8 2.0 
366 8.0 x 1.0 143 6.20 0.77 50.8 62.2 86.0 93.0 2.0 
367 8.0 x 1.0 280 6.20 3.35 45.8 60.2 73.3 84.2 2.0 
368 8.0 x 1.0 354 6.20 5.63 63.7 76.5 84.8 92.0 2.0 
369 8.0 x 2.0 70 6.20 0.43 48.5 59.2 87.7 92.2 2.0 
370 8.0 x 2.0 121 6.20 1.35 52.9 64.8 83.8 90.8 2.0 
371 8.0 x 2.0 206 6.20 4.38 59.2 72.3 80.2 90.3 2.0 
372 8.0 x 2.0 254 6.27 7.03 53.8 67.8 70.3 82.2 2.0 
213 
DATA 
PADDLES 
0.15 PERCENT CARBOPOL 
Batch Weight = 94.4 lbs. 	 Center Height = 7.0 inches 
Run Diameter 	 RPM 	 Area? Dynamometer 	 Temperature (00) 
x Height 	 (ft.2) 	 Scale 	 Batch 
	 Wall 
(inches x 	 (lbs) 	 1 	 2 	 1 	 2 
inches) 
Time 
(min) 
Cooling 
345 4.0 x 1.0 224 6.20 0.17 62.8 56.6 37.6 32.3 4.0 
346 4.0 x 1.0 324 6.20 0.20 61.0 53.3 38.8 32.2 4.0 
347 4.0 x 1.0 540 6.20 0.85 64.8 54.3 45.0 37.7 4.0 
348 4.0 x 1.0 696 6.20 1.45 60.2 50.2 45.0 36.7 4.0 
349 4.0 x 2.0 216 6.20 0.25 55.8 49.7 36.1 31.3 4.0 
350 4.0 x 2.0 320 6.20 0.61 60.7 52.0 42.2 36.2 4.0 
351 4.0 x 2.0 494 6.20 1.71 61.3 50.7 44.8 58.2 4.0 
352 4.0 x 2.0 622 6.20 2.78 61.3 49.7 47.0 37.7 4.0 
357 6.0 x 1.0 103 6.20 0.15 68.8 52.8 32.8 30.2 4.0' 
358 6.0 x 1.0 272 6.20 1.05 67.8 56.3 46.7 39.8 4.0 
359 6.0 x 1.0 416 6.20 2.63 61.3 49.9 45.7 37.7 4.0 
360 6.0 x 1.0 526 6.20 4.33 71.8 55.8 55.5 44.0 4.0 
361 6.0 x 2.0 93 6.20 0.31 61.7 54.7 35.3 30.7 4.0 
362 6.0 x 2.0 167 6.20 0.85 60.7 51.3 40.3 33.1 4.0 
363 6.0 x 2.0 292 6.20 2.93 60.2 48.8 44.8 36.3 4.0 
364 6.0 x 2.0 390 6.20 5.28 60.9 48.3 48.0 38.4 4.0 
365 8.0 x 1.0 94 6.20 0.45 56.7 49.8 34.4 30.7 4.0 
366 8.0 x 1.0 143 6.20 0.77 59.7 50.7 39.7 33.0 4.0 
367 8.0 x 1.0 280 6.20 3.35 58.3 47.3 44.1 35.7 4.0 
368 8.0 x 1.0 354 6.20 5.63 60.2 47.7 47.4 37.9 4.0 
369 8.0 x 2.0 70 6.20 0.43 62.2 53.8 37.9 34.4 4.0 
370 8.0 x 2.0 121 6.20 1.35 61.3 91.2 42.5 35.9 4.0 
371 8.0 x 2.0 206 6.20 4.58 68.7 53.2 52.7 41.9 4.0 
372 8.0 x 2.0 254• 6.27 7.03 53.7 42.7 43.5 34.5 4.0 
214 
DATA 
PADDLES 
Run 
Batch Height 
Diameter 
x Height 
(inches x 
inches) 
0.20 PERCENT CARBOPOL 
= 94.4 lbs. 
	
Center Height = 7.0 inches 
RPM 	 Areal 	 Dynamometer 	 Temperature (°C) 
(ft. 	 ) 	 Scale 	 Batch 	 Wall 
(lbs) 	 1 	 2 	 1 	 2 
Time 
(min) 
Heating 
215 
DATA 
PADDLES 
0.20 PERCENT CARBOPOL 
Run 
Batch Weight 
Diameter 
x Height 
(inches x 
inches) 
= 	 94.4 lbs. 
RPM 	 Area  
(ft. 
Center Height = 7.0 inches 
Dynamometer 	 Temperature (°C) 
) 	 Scale 	 Batch 	 Wall 
(lbs) 	 1 	 2 	 1 	 2 
Time 
(min) 
Cooling 
595 4.0 x 1.0 556 6.20 0.86 54.9 47.7 30.2 26.2 6.0 
394 4.0 x 1.0 626 6.20 1.05 49.3 42.9 27.8 24.3 6.0 
397 4.0 x 1.0 714 6.20 1.45 56.8 48.2 32.3 27.9 6.0 
392 4.0 x 1.0 340 6.20 1.13 55.4 46.8 26.6 25.2 6.0 
393 
391 
390 
4.0 
4.0 
4.0 
x 
x 
x 
1.0 
1.0 
1.0 
412 
496 
618 
6.20 
6.20 
6.20 
1.21 
2.13 
2.85 
54.1 
60.4 
57.3 
46.3 
50.2 
46.3 
50.4 
58.4 
37.1 
26.7 
50.8 
31.8 
6.0 
6.0 
6.0 
402 6.0 x 1.0 278 6.20 1.11 52.9 4.3 28.8 26.1 4.0 
403 6.0 x 1.0 376 6.20 2.02 60.7 53.3 39.1 32.6 4.0 
404 6.0 x 1.0 452 6.20 2.73 59.7 51.3 39.7 33.3 4.0 
405 6.0 x 1.0 532 6.20 4.33 67.9 56.7 48.7 40.2 4.0 
399 6.0 x 2.0 240 6.20 2.15 58.2 51.2 37.2 31.8 4.0 
398 6.0 x 2.0 290 6.20 5.08 60.0 51.8 42.3 35.2 4.0 
400 6.0 x 2.0 342 6.20 4.33 59.2 49.9 42.6 35.7 4.0 
401 6.0 x 2.0 370  6.20 5.15 63.7 53.0 46.4 39.5 4.0 
411 8.0 x 1.0 163 6,20 1.13 55.7 50.7 29.9 28.4 4.0 
410 8.0 x 1.0 220 6.20 2.13 52.4 46.7 31.8 28.7 4.0 
412 8.0 x 1.0 272 6.20 3.33 53.7 46.8 -3.2 30.2 4.0 
413 8.0 x 1.0 358 6.20 5.68 55.2 46.7 40.3 33.5 4.0 
407 8.0 x 2.0 130 6.20 1.65 57.9 52.5 29.6 26,8 4.0 
406 8.0 x 2.0 182 6,20 3.08 57.7 50.2 38.8 33.7 4.0 
408 8.0 x 2.0 216 6.20 4.48 62.1 52.3 43.8 36.9 4.0 
409 8.0 x 2.0 265 6.20 7.13 62.8 52.2 47.0 59.2 4.0 
216 
PADDLES 
0.24 PERCENT CARBOPOL 
Batch Weight = 
Run 	 Diameter 
x Height 
(inches x 
inches) 
94.4 lbs. 
RPM Area2  
(ft. 	 ) 
Center Height = 7.0 inches 
Dynamometer 	 Temperature (00) 
Scale 	 Batch 	 Wall 
(lbs) 	 1 	 2 	 1 	 2 
Time 
(min) 
Heating 
432 4.0 x 2.0 570 5.20 2.48 42.1 50.1 89.4 91.8 2.0 
435 4.0 x 2.0 632 6.20 2.95 53.0 62.6 93.2 95.6 2.0 
444 6.0 x 1.0 450 6.20 3.00 48.9 57.7 94.7 96.4 2.0 
443 6.0 x 1.0 500 6.20 3.68 58.3 66.4 95.3 97.1 2.0 
442 6.0 x 1.0 550 6.20 4.48 58.0 48.8 87.3 96.3 2.0 
440 6.0 x 2.0 296 6.20 3.13 46.4 55.4 92.8 96.8 2.0 
439 6.0 x 2.0 342 6.20 4.43 46.4 56.3 89.8 93.7 2.0 
438 6.0 x 2.0 375 6.20 5.45 44.7 56.2 86.1 81.2 2.0 
452 8.0 x 1.0 276 6.20 3.48 47.2 56.0 92.2 95.2 2.0 
451 8.0 x 1.0 324 6.20 4.83 48.0 58.3 89.5 94.2 2.0 
450 8.0 x 1.0 350 6.20 5.73 39.7 51.9 85.2 90.2 2.0 
448 8.0 x 2.0 212 6.20 4.53 49.4 58.3 94.1 95.8 2.0 
447 8.0 x 2.0 246 6.20 5.03 48.5 59.2 87.4 92.4 2.0 
446 8.0 x 2.0 268 6.20 7.18 40.0 52.7 85.0 88.2 2.0 
Cooling 
432 4.0 x 2.0 570 6.20 2.48 53.6 46.6 32.8 27.7 6.0 
435 4.0 x 2.0 632 6.20 2.95 60.3 50.9 37.8 29.8 6.0 
444 6.0 x 1.0 450 6.20 3.00 53.1 45.7 30.1 26.3 6.0 
443 6.0 x 1.0 500 6.20 3.68 53.7 46.1 29.8 26.3 6.0 
442 6.0 x 1.0 550 6.20 4.48 49.1 41.7 30.5 26.0 6.0 
441 
440 
6.0 x 2.0 
6.0 x 2.0 
244 
296 
6.20 
6.20 
2.03 
3.13 
65.7 
50.6 
56.7 
43.5 
38.5 
30.3 
30.0 
25.7 
6.0 
6.0 
439 6.0 x 2.0 342 6.20 4.43 57.2 47.8 37.0 29.7 6.0 
438 6.0 x 2.0 375 6.20 5.43 53.4 44.2 35.3 29.2 6.0 
452 8.0 x 1.0 276 6.20 3.48 52.2 45.1 31.1 27.2 6.0 
451 8.0 x 1.0 324 6.20 4.83 52.1 44.0 32.2 28.5 6.0 
450 8.0 x 1.0 350 6.20 5.73 51.4 42.8 34.6 29.2 6.0 
448 8.0 x 2.0 212 6.20 4.53 44.7 38.8 26.5 26.2 6.0 
447 8.0 x 2.0 246 6.20 5.03 59.8 49.7 38.7  23.8 6.0 
446 8.0 x 2.0 268 6.20 7.18 53.8 
44.3 33.2 29.8 6.0 
217 
Run 
Batch = 94.0 lbs. 
	 Clearance = 10.0 inches 
Diameter 	 RPM 	 Area 	 Dynamometer 
	 Temperature (°C) (inches) 
	 (ft. 	 ) 	 scale 	 Batch 	 Wall 
(lbs) 	 1 	 2 	 1 	 2 
Time 
(min) 
Heating 
155 5.2 135 	 6.20 	 0.01 	 73.1 84.9 	 89:2 96.4 2.0 
159 5.2 319 	 6.20 	 0.31 	 68.0 83.5 	 80.2 92.5 2.0 
156 5.2 332 	 6.20 	 0.26 	 79.2 91.3 	 88.5 97.4 2.0 
157 5.2 545 	 6.20 	 0.88 	 71.0 86.8 	 81.9 93.5 - 2.0 
158 5.2 765 	 6.20 	 1.86 	 82.5 95.0 	 89.8- 98.8 2.0 
Cooling 
155 5.2 135 	 6.20 	 0.01 	 55.4 48.7 	 45.2 39.9 2.0 
159 5.2 319 	 6.20 	 0.31 	 67.9 56.4 	 58.6 48.7 2.0 
156 5.2 332 	 6.20 	 0.26 	 47.8 41.1 	 42.1 36.6 2.0 
157 5.2 545 	 6.20 	 0.88 	 46.8 40.0 	 42.3 36.3 2.0 
158 5.2 765 	 6.20 	 1.86 	 46.9 40.0 	 43.1 56.9 2.0 
93.7% GLYCERINE 
Batch Weight = 117.7 lbs. 	 Clearance = 10.0 inches 
Heating 
 
278 4.1 253 	 6.20 	 0.12 	 43.3 51.2 	 96.7 97.3 2.0 
27? 4.1 494 	 6.20 	 0.35 	 54.3 64.2 	 94.2 96.2 2.0 
276 4.1 835 	 6.20 	 0.92 	 48.2 61.6 	 87.0 93.9 2.0 
275 4.1 1035 	 6.20 	 1.45 	 42.3 57.2 	 83.8 90.2 2.0 
274 6.0 120 	 6.20 	 0.14 	 43.6 51.8 	 95.4 96.9 2.0 
273 6.0 234 	 6.20 	 0.43 	 46.3 57.5 	 91.7 95.2 2.0 
272 6.0 420 	 6.20 	 1.40 	 53.0 66.3 	 88.4 94.2 2.0 
271 6.0 625 	 6.20 	 3.20 	 61.3 74.9 	 88.3 94.3 2.0 
Cooling 
278 4.1 253 	 6.20 	 0.12 	 58.3 54.7 	 J9.3 19.4 4.0 
277 4.1 494 	 6.20 	 0.35 	 61.P 5c. 	 25.5 24.1 4.0 
276 4.1 835 	 6.20 	 0.92 	 67.2 57.5 	 35.3 29.0 4.0 
275 4.1 1035 	 6.20 	 1.45 	 63.9 54.1 	 35.4 28.2 4.0 
274 6.0 120 	 6.20 	 0.14 	 61.8 56.6 	 22.3 20.7 4.0 
273 6.0 234 	 6.20 	 0.43 	 61.1 54.3 	 28.5 24.2 4.0 
272 6.0 420 	 6.20 	 1:40 	 60.1 51.7 	 32.2 26.0 4.0 
271 6.0 625 	 6.20 	 3.20 	 60.1 49.8 	 36.3 28.5 4.0 
218 
DATA 
PROPELLERS 
Run 
Batch Weight 
Diameter 
(inches) 
0.15 PRCENT CARBOPOL 
= 94.4 lbs. 
	
Clearance = 10.0 inches 
RPM 	 Area 
	
Dynamometer 	 Temperature (°C) 
(ft. 2) 	 Scale 	 Batch 	 Wall 
Time 
(min) 
(lbs) 	 1 2 1 2 
Heating 
341 4.1 372 6.20 0.17 	 47.7 57.8 91.7 94.2 2.0 
342 4.1 482 6.20 0.21 	 58.2 67.2 91.5 95.2 2.0 
343 4.1 596 6.20 0.27 	 54.0 64.9 88.9 92.8 2.0 
344 4.1 766 6.20 0.55 	 49.2 61.5 82.8 89.8 2.0 
353 6.0 113 6.20 0.11 	 53.8 61.3 95.3 97.2 2.0 
354 6.0 315 6.20 0.55 	 55.6 66.7 84.8 91.7 2.0 
355 6.0 496 6.20 1.43 	 53.8 67.1 77.7 88.9 2.0 
356 6.0 630 6.20 2.43 	 55.8 69.0 74.7 87.7 2.0 
Cooling 
. 
341 4.1 372 6.20 0.17 	 59.9 53.5 35.2 31.7 4.0 
342 • 4.1 482 6.20 0.21 	 61.0 53.2 38.2 38.8 4.0 
343 4.1 596 6.20 0.27 	 60.6 52.1 39.8 34.2 4.0 
344 4.1 766 6.20 0.55 	 58.7 49.4 40.0 35.3 4.0 
354
. 
 6.0 315 6.20 0.55 	 66.0 55.4 47.0 39.9 4.0 
355 6.0 496 6.20 1.43 	 58.8 48.2 45.3 37.5 4.0 
356 6.0 630 6.20 2.43 	 64.0 50.8 50.7 41.2 4.0 
21.9 
Batch Weight 
Run 	 Diameter 
(inches) 
DATA 
PROPELLERS 
CARBOPOL SOLUTIONS 
= 94.4 lbs. 
	
Clearance = 10.0 inches 
RPM 	 Areal 
	
Dynamometer 	 Temperature (°C) 
 (ft. 
	 ) 	 Scale 	 Batch 	 Wall (lbs) 	 1 	 2 	 1 	 2 
Time 
(min) 
0.20 Percent CARBOPOL 
Heating 
381 6.0 324 6.20 0.73 43.3 49.7 88.8 91.8 2.0 
382 6.0 396 6.20 0.88 37.8 47.0 90.1 92.8 2.0 
383 6.0 572 6.20 2.08 51.2 62.1 85.3 90.7 2.0 
Cooling 
385-2 4.1 766 6.20 0.55 38.2 34.1 22.7 20.7 6.0 
381 6.0 324 6.20 0.73 55.7 49.4 30.9 27.3 6.0 
382 6.0 396 6.20 0.88 56.3 48.7 35.0 29.2 6.0 
383 6.0 572 6.20 2.21 62.1 49.7 43.3 .33.8 6.0 
0.24 Percent CARBOPOL 
Heating 
427.  6.0 500 6.20 1.58 45.7 52.8 94.3 96.2 2.0 
428 6.0 572 6.20 2.08 49.8 57.9 94.9 95.8 2.0 
429 6.0 650 6.20 2.65 48.8 58.3 88.3 90.2 2.0 
Cooling 
6.0 500 6.20 1.58 54.3 48.7 30.8 27.8 6.0 427 
428 6.0 572 6.20 2.08 56.3 49.2 34.9 30.1 6.0 
429 6.0 650 6.20 2.65 52.4 44.8 34.6 29.3 6.0 
220 
DATA 
DISK & VANE TURBINE 
 
Batch Weight = 94,0 lbs. 
Run 	 Diameter 
	
RPM 
x Height 
(inches x 
inches) 
WATER 
Areal (ft. 	 ) 
Center Height = 7.0 inches 
Dynamometer 	 Temperature (00) 
Scale 	 Batch 
	 Wall (lbs) 
	 1 	 2 	 1 	 2 
Time 
(min) 
Heating 
173 4.0 x 0.75 118 6.20 0.06 57.1 71.0 75.2 85.8 2.0 
174 4.0 x 0.75 312 6.20 0.61 75.4 87.5 83.8 94.1 2.0 
175 4.0 x 0.75 492 6.20 1.64 66.3 83.1 76.0 89.7 2.0 
176 4.0 x 0.75 712 6.23 3.68 67.8 85.1 76.3 90.8 2.0 
169 5.0 x 1.0 102 6.20 0.14 74.1 87.0 87.8 96.4 2.0 
170 5.0 x 1.0 268 6.20 1.32 66.8 83.5 76.8 90.1 2.0 
171 5.0 x 1.0 402 6.23 3.17 67.2 84.3 76.2 90.0 2.0 
172 5.0 x 1.0 498 6.23 4.88 72.8 89.0 80.2 93.3 2.0 
128 6.0 x 1.25 70 6.20 0.21 72.3 84.7 86.2 94.2 2.0 
129. 6.0 x 1.25 145 6.20 0.97 60.7 77.4 73.3 86.5 2.0 
130 6.0 x 1.25 254 6.23 3.15 65.6 82.9 74.5 89.0 2.0 
131 6.0 x 1.25 346 6.27 5.98 78.7 93.2 85.8 97.7 2.0 
165 7.0 x 1.375 70 6.20 0.48 67.0 82.3 80.5 91.5 2.0 
166 7.0 x 1.375 113 6.20 1.20 63.8 81.0 74.6 89.0 2.0 
167 7.0 x 1.375 202 6.20 4.33 65.2 82.2 73.7 88.6 2.0 
168 7.0 x 1.375 273 6.27 8.18 68.1 85.6 76.2 91.0 2.0 
Cooling 
173 4.0 x 0.75 118 6.20 0.06 65.8 56.5 53.0.  46.1 2.0 
174 4.0 x 0.75 312 6.20 0.61 84.7 69.2 74.0 61.3 2.0 
175 4.0 x 0.75 492 6.20 1.64 51.3 43.6 46.0 39.3 2.0 
176 4.0 x 0.75 712. 6.23 3.68 53.5 45.3 49.8 42.1 2.0 
169 5.0 x 1.0 102 6.20 0.14 53.2 46.3 	  44.9 39.6 2.0 
170 5.0 x 1.0 268 6.20 1.32 47.0 40.2 42.2 36.7 2.0 
171 5.0 x 1.0 402 6.23 3.17 51.2 43.5 47.0 39.8 2.0 
172 5.0 x 1.0 498 6.23 4.88 50.3 42.6 46.5 39.6 2.0 
128 6.0 x 1.25 70 6.20 0.21 49.9 42.9 41.4 36.5 2.0 
129 6.0 x 1.25 145 6.20 0.97 82.3 67.5 72.5 60.2 2.0 
130 6.0 x 1.25 254 6.23 3.15 61.0 51.3 55.3 46.7 2.0 
131 6.0 x 1.25 346 6.27 5.98 45.5 38.6 41.8 36.4 2.0 
165 7.0 x 1.375 70 6.20 0.48 67.7 57.4 58.9 49.6 2.0 
166 7.0 x 1.375 113 6.20 1.20 49.9 1L2.7 44.0 38.2 2.0 
167 7:0 x 1.375 202 6.20 4.33 52.3 44,0 48.1 40.7 2.0 
168 7.0 x 1.375 273. 6.27 8.18 49.3 41.4 45.7 38.7 2.0 
221 
DATA 
DISK & VANE TURBINES 
93.7% GLYCERINE 
Batch Weight 
Run 	 Diameter 
x Height 
(inches x 
inches) 
= 
RPM Areal  
(ft. 	 ) 
Center Height = 7.0 inches 
Dynamometer 	 Temperature 
Scale 	 Batch 	 Wall 
(lbs) 	 1 	 2 	 1 
(00) 
2 
Time 
(min 
Heating 
270 4.0 x 0.75 226 6.20 0.33 4-8.5 59.0 96.8 97.1 2.0 
269 4.0 x 0.75 412 6.20 1.13 57.7 69.6 93.1 95.6 2.0 
268 4.0 x 0.75 560 6.20 2.30 55.8 69.1 89.5 94.0 2.0 
267 4.0 x 0.75 730 6.20 3.80 45.2 61.4 81.7 89.1 2.0 
266 6.0 x 1.25 93 6.20 0.37 47.5 58.3 94.3 97.3 2.o 
265 6.0 x 1.25 158 6.20 1.18 53.5 65.2 91.7 95.7 2.0 
264 6.0 x 1.25 276 6.20 3.75 59.2 68.2 89.5 95.5 2.0 
263 6.0 x 1.25 345 6.20 6.25 50.3 61.2 84.2 90.8 2.0 
Cooling 
270 4.0 x 0.75 226 6.20 0.33 64.8 57.7 26.1 22.1 4.0 
269 4.0 x 0.75 412 6.20 1.13 62.8 54.2 31.8 26.2 4.0 
268 4.0 x 0.75 560 6.20 2.30 63.3 53.3 34.7 29.1 4.0 
267 4.0 x 0.75 730 6.20 3.80 60.0 49.9 35.0 28.3 4.0 
266 6.0 x 1.25 93 6.20 0.37 57.7 52.2 20.8 19.8 4.0 
265 6.0 x 1.25 158 6.20 1.18 67.8 58.3 32.4 26.2 4.0 
264 6.0 x 1.25 276 6.20 3.75 60.7 51.1 32.8 25.2 4.0 
263 6.0 x 1.25 345 6.20 6.25 61.7 50.2 36.6 27.2 4.0 
222 
DATA 
TURBINES 
0.15 PERCENT CARBOPOL 
Batch Weight 
Run 	 Diameter 
x Height 
(inches x 
inches) 
= 94.4 lbs. 
RPM Area2  
(ft. 	 ) 
Center Height= 7.0 inches 
Dynamometer. 
	 Temperature (°C) 
Scale 	 Batch 
	 Wall 
(lbs) 	 1 	 2 	 1 	 2 
Time 
(min) 
Heating 
357 4.0 x 0.75 216 6.2u 0.21 46.6 57.2 89.3 89.7 2.0 
338 4.0 x 0.75 326 6.20 0.57 51.5 92.7 85.8 90.7. 2.0 
339 4.0 x 0.75 498 6.20 1.57 61.2 72.7 86.3 92.7 2.0 
340 4.0 x 0.75 684 6.20 3.13 65.0 77.1 84.9 93.6 2.0 
333 6.0 x 1.25 104 6.20 0.35 50.6 61.2 89.8 92.8 2.0 
334 6.0 x 1.25 152 6.20 0.87 51.2 63.0 85.0 92.7 2.0 
335 6.0 x 1.25 266 6.20 3.17 57.5 70.7 79.4 89.7 2.0 
336 6.0 x 1.25 348 6.20 5.73 54.7 68.6 71.8 84.3 2.0 
Cooling 
337 4.0 x 0.75 216 6.20 0.21 61.9 54.3 37.8 32.7 4.0 
338 4.0 x 0.75 326 6.20 0.57 61.8 52.3 41.7 35.8 4.0 
339 4.0 x 0.75 498 6.20 1.57 68.4 55.2 50.5 40.9 4.0 
340 4.0 x 0.75 684 6.20 3.13 64.2 50.9 49,7 40.1 4.0 
333 6.0 x 1.25 104 6.20 0.35 55.8 49.2. 33.2 30.4 4.0 
334 6.0 x 1.25 152 6.20 0.87 53.7 45.8 35.6 31.3 4..0 
335 6.0 x 1.25 266 6.20 3.17 68.5 54.3 51.6 41.7 4.0 
336 6.0 x 1.25 348 6.20 5.73 63.7 49.9 50.8 40.7 4.0 
223 
Batch Weight = 
Run 	 Diameter 
x Height 
(inches x 
inches) 
DATA 
TURBINES 
CARBOPOL SOLUTIONS 
94.4 lbs. 
	 Center Height = 7.0 inches 
RPM 	 Areal 	 Dynamometer 	 Temperature (°C) 
(ft. 	 Scale 	 Batch 
	 Wall (lbs) 
	 1 	 2 	 1 	 2 
Time 
(min) 
Heating 
0.20 Percent  CARBOPOL 
389 4.0 x 0.75 440 6.20 1.11 56.6 63.5 92.8 94.9 2.0 
387 4.0 x 0.75 518 6.20 1.55 49.4 58.2 91.2 94.5 2.0 
386 4.0 x 0.75 645 6.20 2.58 42.6 55.2 85.3 87.8 2.0 
419-2 6.0 x 1.25 187 6.20 1.28 51.2 58.5 97.7 98.2 2.0 
418 6.0 x 1.25 230 6.20 2.05 42.3 53.2 91.8 92.0 2.0 
420 6.0 x 1.25 275 6.20 3.13 53.2 64.0 37.8 92.3 2.0 
421 6.0 x 1.25 350 6.20 5.48 53.0 65.2 83.1 90.8 2.0 
Cooling 
389 4.0 x 0.75 440 6.20 1.11 60.2 51.6 35.3 30.7 6.0 
387 4.0 x 0.75 518 6.20 1.55 57.0 48.5 34.8 29.7 6.0 
388 4.0 x 0.75 592 6.20 1.95 43.1 37.1 28.0 24.7 6.0 
386 4.0 x 0.75 645 6.20 2.58 59.7 48.7 42.3 33.6 6.0 
419 6.0 x 1.25 187 6.20 1.28 56.3 48.7 30.3 27.2 6.0 418 6.0 x 1.25 230 6.20 2.05 50.3 43.0 30.8 26.1 6.0 420 6.0 x 1.25 275 6.20 3.13 62.3 50.5 43.4 34.5 6.0 
421 6.0 x 1.25 350 6.20 5.48 62.2 48.3 45.7 35.7 6.0 
0.24 Percent CARBOPOL 
Heating 
459 6.0 x 1.25 342 6.20 4.65 49.2 59.0 90.2 93.8 2.0 
458 6.0 x 1.25 365 6.20 5.43 36.5 49.2 84.1 89.2 2.0 
Cooling 
459 6.0 x 1.25- 342 6.20 4.65 52.8 44.9 31.3 27.3 6.0 
458 6.0 x 1.25 365 6.20 5.43 49.6 41.7 32.8 27.8 6.0 
22 4 
COMPUTER PROGRAMS 
CALCULATION OF HEAT TRANSFER 
RATE 	 AND NUSSELT  REYNOLDS,  POWER, 
AND PRANDTL NUMBERS 
1. Program for calculating dimensionless groups based 
on apparent viscosity derived by dimensional analysis 
2. Program for calculating dimensionless groups based 
on Metzner's apparent viscosity 
3. Fluid properties used in above programs. 	 (STATEMENTS 
12-30) 
4. Nomenclature 
Program for calculating dimensionless groups 
based on Metzner's apparent viscosity 
Note: Above Programs written for cooling  runs. 
For heating, statement 36 must read 
36 QNET 	 QDT - QME 	  
Program for dimensionless groups based  on 	 226 
apparent 	 viscosity derived  by dimensional analysis  
227 
Fluid property statements for water 
• 228 / 
Fluid property statements for q3.7 percent glycerine  
229 
	 Fluid  property statements for 0.15 percent carbopol 
	 230  
property statements for 0_20 percent  Carbopol  
231 
 Fluid property statements for 0.24 percent Carbopol 
23 2 
NOMENCLATURE FOR HEAT TRANSFER CALCULATIONS 
A 	 = Heat transfer area. 
BT1 = First batch temperature 
BT2 = Second batch temperature 
CP = Heat capacity 
DA = Impeller diameter inches 
DENS = Density 
DF = Driving force. (°C) 
H 	 = Batch heat transfer coefficient (Btu/hr °F ft2) 
N Number of data sets having same values for other 
items on first card 
QNET = Net heat transfer rate (Btu/min) 
RPM = Impeller speed (rev./min.) 
RUN = Run number for identification 
SCAL = Dynamometer scale reading (lbs) 
TC = Thermal conductivity 
VCF2 = Viscosity ratio 
W Batch weight (lbs) 
WT1 = First wall temperature 
WT2 = Second wall temperature 
XK = Fluid consistency index 
XN = Flow behavior index 
XNNU = Nusselt Number 
XNPO = Power Number 
XNPR = Generalized Prandtl Number 
XNRE = Generalized Reynolds Number 
CALCULATED RESULTS 
FOR WATER RUNS 
UNDER 
NON-STANDARD CONDITIONS 
233 
CALCULATED RESULTS 
WATER 
234 
Run Diameter 
x Height 
(inches x 
inches) 
h 	 NNu Btu 
_a  2) 
 
F hr ft 
N
Po N Re 
NPr K/Kw 
Heating 
Anchor - Clearance = 3.0 inches 
47 9.0 617 1861 2.01 104,265 2.57 1.19 
48 9.0 823 2430 2.33 218,092 2.13 1.11 
49 9.0 1126 3309 2.59 371,921 2.16 1.09 
50 9.0 1295 3054 2.70 470,007 2.35 1.10 
Coolies 
47 9.0 599 1777 2.02 113,986 2.30 0.85 
48 9.0 676 2115 2.30 149,991 3.36 0.90 
49 9.0 1064 3228 2.57 311,592 2.68 0.91 
50 9.0 1145 3636 2.66 316,819 3.77 0.93 
Reversing Pitch Paddle - Center Height 6.0 inches 
Heating 
55 9.0 x 0.7 556 1638 0.32 261,793 2.18 1.13 
54 9.0 	 0.7 685 2071 0.32 347,996 2.62 1.18 
53 9.0 x 0.7 832 2528 0.34 483,526 2.70 1.17 
52 9.0 x 0.7 1107 3318 0.36 785,678 2.47 1.12 
51 9.0 x 0.7 1196 3600 0.37 938,318 2.53 1.12 
Cooling 
55 9.0 x 0.7 609 1802 0.32 255,508 2.25 0.86 
54 9.0 x 0.7 638 1961 0.32 316,071 2.95 0.89 
53 9.0 x 0.7 690 2252 0.34 299,129 4.75 0.93 
52 9.0 x 0.7 909 2808 0.35 657,231 3.06 0.91 
51 9.0 x 0.7 1042 3155 0.37 905,470 2.64 0.91 
CALCULATED RESULTS 
WATER 
PADDLES 
235 
Run Center 	 Diameter 
	 h 
Height 	 x Height (
f 0 
 
(inches) (inches x ' F hr inches) 
NNu NPo NRe A/Kw  
Heating 
60 4.5 8.0 x 1.0 517 1531 0.82 230,279 2.26 1.17 61 4.5 6.0 x 1.0 391 1164 0.96 125,783 2.36 1.22 
28 5.0 4.0 x 2.0 375 1114 2.36 44,785 2.31 1.21 
29 5.0 4.0 x 2.0 361 1100 2.34 38,852 2.75 1.30 
30 5.0 4.0 x 2.0 531 1551 1.97 93,258 2.06 1.13 31 5.0 4.0 x 2.0 766 2253 5.08 198,696 2.00 1.10 
32 5.0 4.0 x 2.0 933 2707 5.81 271,644 1.98 1.08 
33 5.0 4.0 x 2.0 945 2755 5.86 306,034 2.05 1.09 
38 6.0 5.0 x 2.0 450 1328 4.57 66,193 2.24 1.17 
37 6.0 5.0 x 2.0 673 1986 4.15 134,060 2.22 1.12 
36 6.0 5.0 x 2.0 843 2468 4.42 182,145 2.11 1.09 
35 6.0 5.0 x 2.0 1019 2983 4.85 293,876 2.11 1.09 
34 6.0 5.0 x 2.0 1264 3683 5.40 367,785 2.04 1.07 
59 6.5 8.0 x 1.0 677 1970 0.90 249,573 2.02 1.11 63 6.5 6.0 x 1.0 420 1249 0.99 124,802 2.34 1.20 
66 6.5 4.0 x 1.0 302 904 1.01 54,443 2.40 1.25 
116 6.63 5.0 	 x 	 0.75 333 1029 1.95 67,084 3.04 1.57 
117 6.63 5.0 x 0.75 614 1850 1.00 205,955 2.57 1.19 
118 6.63 5.0 x 0.75 847 2485 1.25 385,177 2.13 1.11 
119 6.63 5.0 x 0.75 949 2837 1.32 452,623 2.42 1.13 
112 7.63 5.0 x 0.75 285 880 1.28 56,355 3.01 1.38 
113 7.63 5.0 x 0.75 671 1977 1.12 229,484 2.20 1.10 
114 /.63 5.0 x 0.75 735 2185 1.28 357,222 1.17 1.14 
115 7.63 5.0 x 0.75 1037 3112 1.32 466,581 2.48 1.13 
21 8.0 7.0 x 2.0 647 1q12 1.89 109,865 2.24 1.13 
22 8.0 7.0 x 2,0 795 2411 2.96 142,090 2.69 1.17 
23 8.0 7:0 x 2.0 989 2973 3.10 235,925 2.51 1.13 
24 8.0 7.0 x 2.0 1168 3441 3.40 315,458 2.19 1.09 
25 8.0 7.0 x 2.0 1126 3410 3.48 319,821 2.65 1.13 
26 8.0 7.0 x 2.0 1325 3747 3.84 334,675 2.80 1.14 
27 8.0 7.0 x 2.0 1228 3851 3.61 514,368 2.01 1.06 
58 8.5 8.0 x 1.0 760 2206 0.92 251,930 2.00 1.10 
64 8.5 6.0 x 1.0 555 1640 1.13 129,818 2.23 1.13 
65 8.5 4.0 x 1.0 359 1071 1.01 54,852 2.37 1.20 
46 0 8.0 x 2.0 664 2001 2.96 104,619 2.54 1.18 45 .0 8.0 x 2.0 894 2707 2.73 176,730 2.65 1.15 
44 9.0 8.0 x 2.0 1289 3829 2.91 340,156 2.32 1.09 
43 9.0 8.0 x 2.0 1446 4227 3.04 486,959 2.08 1.07 
236 
Run Center 
Height 
Diameter 
x Height 
h NNu NPo Npr  K/Kw  
108 9.0 5.0 x 1.5 493 1448 3.82 76,951 2.16 1.14 
109 9.0 5.0 x 1.5 806 2354 3.44 145,059 2.08 1.10 
110 9.0 5.0 x 1.5 1037 3063 4.05 241,318 2.23 1.10 
111 9.0 5.0 x 1.5 1291 3870 4.10 342,804 2.58 1.10 
56 10.0 8.0 x 4.0 686 2071 4.38 80,469 2.58 1.18 
57 10.5 8.0 x 1.0 712 2112 0.88 225,157 2.30 1.14 
Cooling 
60 4.5 8.0 x 1.0 612 1798 0.82 238,187 2.16 0.86 
61 4.5 6.0 x 1.0 334 1045 0.63 93,115 3.40 0.82 
28 5.0 4.0 x 2.0 226 727 2.32 27,066 4.22 0.80 
29 5.0 4.0 x 2.0 307 990 2.32 26,293 4.36 0.85 
30 5.0 4.0 x 2.0 313 1008 1.93 51,379 4.22 0.83 
31 5.0 4.0 x 2.0 682 2135 4.98 128,513 3.40 0.89 
32 5.0 4.0 x 2.0 779 2536 5.66 132,388 4.68 0.93 
33 5.0 4.0 x 2.0 864 2715 5.75 197,597 3.49 0.92 
38 6.0 5.0 x 2.0 342 1079 4.50 44,573 3.60 0.84 
37 6.0 5.0 x 2.0 636 1919 4.12 118,677 2.58 0.86 
36 6.0 5.0 x 2.0 598 2850 4.34 112,684 3.77 0.93 
35 6.0 5.0 x 2.0 931 2936 4,76 189,260 3.60 0.92 
34 6.0 5.0 x 2.0 1149 3686 5.28 204,673 4.13 0.94 
59 6.5 8.0 x 1.0 611 1814 0.90 225,432 2.30 0.86 
63 6.5 6.0 x 1.0 359 1116 0.98 96,439 3.20 0.83 
66 6.5 4.0 x 1.0 305 903 1.01 57,319 2.25 0.78 
116 6.63 5.0 x 0.75 278 854 1.95 68,455 2.97 0.79 
117 6.63 5.0 x 0.75 544 1721 0.99 153,018 3.66 0.89 
118 6.63 5.0 x 0.75 740 2264 1.23 302,986 2.86 0.89 
119 6.63 5.0 x 0.75 910 2865 1.31 354,062 3.51  0.92 
112 7.63 5.0 x 0.75 228 718 1.27 49,837 3.48 0.80 
115 7.63 5.0 x 0.75 539 1701 1.10 152,739 5.60 0.88 
114 7.63 5.0 x 0.75 662 2085 1.27 251,590 3.55 0.90 
115 7.63 5.0 x 0.75 945 2941 1.31 375,146 3.22 0.92 
21 8.0 7.0 x 2.0 660 2116 1.86 66,341 4.10 0.92 
22 8.0 7.0 x 2.0 658 2024 2.95 130,931 2.96 0.90 
23 8.0 7.0 x 2.0 884 2807 3.07 167,645 3.78 0.93 
24 8.0 7.0 x 2.0 1018 3259 3.34 189,264 4.04 0.94 
25 8.0 7.0 x 2.0 1053 3136 3.49 351,804 2.35 0.91 
27 8.0 7.0 x 2.0 1124 3496 3.60 398,376 3.21 0.93 
58 8.5 8.0 x 1.0 59i 1803 0.91 192,656 2.78 0.88 
64 8.5 6.0 x 1.0 437 1390 1.11 82,062 3.87 0.87 
65 8.5 4.0 x 1.0 233 753 0.99 32,356 4.44  0.85 
46 9.0 8.0x 2.0 559 1724 2.94 91,021 3.01 0.88 
45 9.0 8.0 x 2.0 760 2585 2.71 141,915 3.44 0.92 
44 9.0 8.0 x 2.0 1038 3112 2.90 523,147 2.47 0.92 
43 9.0 8.0 x 2.0 984 3187 2.97 257,895 4.46 0.94 
237 
Run 
Center 
Height 
Diameter 
x Height 
h NNu NPr K/Kw w 
108 9.0 5.0 x 1.5 390 1265 3.74 41,482 4.51 0.89 
109 9.0 5.0 x 1.5 584 1853 3.38 88,397 3.78 0.90 
110 9.0 5.0 x 1.5 772 2484 3.97 141,165 4.24 0.93 
111 9.0 5.0 x 1.5 1239 3855 4.06 273,834 3.23 0.93 
56 10.0 8.0 x 4.0 585 1780 4.37 76,779 2.73 0.88 
57 10.5 8.0 x 1.0 547 1723 0.87 157,826 3.53 0.90 
238 
CALCULATED RESULTS 
WATER 
PROPELLERS 
Run Clearance 
(inches) 
Diameter 
(inches) 
h 
Btu ( 
NNuNPo NRe K/K w 
 
F
 hr ft.2  
Heating 
147 6.0 5.2 387 1143 0.70 86,267 2.21 1.19 
148 6.0 5.2 709 2119 0.55 255,366 2.42 1.16 
149 6.0 5.2 882 2641 0.57 390,513 2.45 1.14 
150 6.0 5.2 1078 3204 0.63 575,105 2.53 1.11 
151 8.0 5.2 387 1145 0.38 81,028 2.2o 1.20 
152 8.0 5.2 667 1998 0.55 227,655 2.45 1.17 
153 8.0 5.2 873 2582 0.64 413,356 2.26 1.11 
154 8.0 5.2 1055 3074 0.66 644,973 2.03 1.09 
161 12.0 5.2 391 1193 0.63 75,223 2.80 1.29 
164 12.0 5.2 751 2255 0.63 234,224 2.48 1.16 
162 12.0 5.2 791 2358 0.53 247,974 2.38 1.14 
163 12.0 5.2 1121 3252 0.67 459,066 2.42 1.11 
Cooling 
147 6.0 5.2 271 863 0.69 54,472 3.85 0.82 
148 6.0 5.2 558 1792 0.54 163,118 4.13 0.90 
149 6.0 5.2 757 2398 0.57 274,931 3.73 0.91 
150 6.0 5.2 1051 3260 0.62 450,040 3.14 0.92 
151 8.0 5.2 221 705 0.38 50,634 3.97 0.81 
152 8.0 5.2 529 1697 0.55 147,196 4.12 0.90 
153 8.0 5.2 765 2416 0.63 279,440 3.62 0.91 
154 8.0 5.2 990 3227 0.65 317,816 4.74 0.94 
161 12.0 5.2 291 926 0.62 57,005 3.88 0.85 
164 12.0 5.2 624 1965 0.63 174,158 i.53 0.90 
162 12.0 5.2 765 2260 0.53 261,321 2.23 0.88 
163 12.0 5.2 1038 3221 0.66 366,680 3.17 0.92 
CALCULATED RESULTS 
WATER 
DISK & VANE TURBINES 
239 
Run Center 
Height 
(inches) 
Diameter 
x Height (  Btu  
(inches x (oF hr ft.2)  inches) 
Nu 	 NPo NPr 	 K/Kw 
Heating 
132 5.0 6.0 x 1.25 569 1724 3.99 76,972 2.64 1.21 
133 5.0 6.0 x1.25 764 2293 4.22 157,744 2.49 1.16 
134 5.0 6.0 x 1.25 1051 3072 4.83 285,357 2.08 1.09 
135 5.0 6.0 x 1.25 1209 3522 5.14 376,860 2.04 1.07 
136 ).0 6.0 x 1.25 633 1906 3.87 74,631 2.54 1.17 
137 9.0 6.0 x 1.25 907 2664 5.02 165,587 2.15 1.10 
138 9.0 6.0 x 1.25 1269 3838 5.25 232,306 2.62 1.11 
139 9.0 6.0 x 1.25 1544 4599 5.42 526,635 2.37 1.09 
Cooling 
132 5.0 6.0 x 1.25 425 1359 3.95 54,194 11.00 0.88 
133 5.0 6.0 x 1.25 616 1964 4.17 93,818 3.98 0.90 134 5.0 6.0 x 1.25 899 2836 4.74 181,838 3.59 0.92 
135 5.0 6.0 x 1.25 1148 3651 5.04 223,599 3.83 0.93 
136 9.0 6.0 x 1.25 569 1741 3.85 68,253 2.84 0.87 
137 9.0 6.0 x 1.25 785 2514 4.92 97,540 4.06 0.92 
138 9.0 6.0 x 1.25 1134 3592 5.20 173,857 3.70 0.94 
139 9.0 6.0 x 1.25 1181 3765 5.34 214,986 3.90 0.94 
240 
 
CALCULATED RESULTS 
WATER 
TURBINES 
Run Center 	 Diameter 
Height 	 x Height 
	 Btu 	 NNu 
(inches) inches x 
inches) 	 F hr ft.-  
N
Po NRe 
NPr K/Kw 
Heating 
Six Bladed - Open Bladed Turbines - Straight Blades 
177 7.0  4.0 x 0.75 356 1098 	 3.16 40,151 3.00 1.35 
178 7.0 4.0 x 0.75 620 1844 	 3.27 104,472 2.34 1.16 
179 7.0 4.0 x 0.75 695 2060 	 3.69 144,627 2.29 1.14 
180 7.0 4.0 x 0.75 853 2527 	 4.26 229,071 2.. 28 1.12 
181 7.0 4.0 x 0.75 1151 3424 	 4.32  312,644 2.34 1.10 
Cooling 
177 7.0 4.0 x 0.75 269 834 	 3.16 58,929 3.11 0.81 
178 7.0 4.0 x 0.75 466 1504 	 3.22 62,581 4.30 0.89 
179 7.0 4.0 x 0.75 547 1764 	 3.62 84,830 4.32 0.90 
180 7.0 4.0 x 0.75 812 2561 	 4.20 157,354 3.58 0.91 
181 7.0 4.0 x 0.75 980 3152 	 4.25 190,643 4.22 0.93 
Six Bladed - Open Bladed - Curved 
_Turbines Blades 
Heating 
182 7.0 4.0 x 0.50 468 1380 	 4.15 101,283 2.21 1.16 
183 7.0 4.0 x 0.50 755 2240 	 1.96 203,993 2.30 1.13 
184 7.0 4.0 x 0.50 866 2573 	 2.20 518,167 2.31 1.12 
185 7.0 4.0 x 0.50 1075 5207 	 2.38 411,720 2.38 1.11 
Cooling 
182 7.0 4.0 x 0.50 397 1259 	 4.07 65,129 3.76 0.86 183 7.0 4.0 x 0.50 640 2009 	 1.93 145,992 3.44 0.89 
184 7.0  4.0 x 0.50 880 2756 	 2.17 230,997 3.40 0.92 
185 7.0 4.0 x, 0.50 997 3096 	 2.36 324,275 3.18 0.92 
2 41 
CALCULATED RESULTS 
USED FOR CORRELATIONS 
CALCULATED RESULTS 
ANCHOR - 5.0 inch Clearance 
242 
Run Diameter 
x Height 
(inches x 
inches) 
NPo 	 NRe 	 K/Kw Pr. 
(o
Btu  2) 
F hr ft.2 
Heating 
WATER 
67 9.0 602 1834 2.51 108,624 2.74 1.19 
68 9.0 880 2 571 2.67 221,871 2.08 1.08 
69 9.0 1287 3738 2.86 381,987 2.00 1.07 
70 9.0 1437 4267 2.81 469,317 2.51 1.09 
Cooling 
67 9.0 534 1728 2.48 71,675 4.47 0.90 
68 9.0 756 2396 2.61 113,068 4.66 0.93 
69 9.0 921 2951 2.79 212,385 4.06 0.94 
70 9.0 1208 3773 2.68 348,485 3.32 0.93 
93.7 Percent GLYCERINE 
Heating 
235 9.0 98 363 2.19 1596 5.35 4.23 
236 9.0 157 1085 2.55 3614 2.56 2.98 
257 9.0 193 1306 2.55 4438 3.27 2.83 
238 9.0 213 1444 2.63 5824 3.21 2.61 
Cooling 
235 9.0 38 258 2.19 1621 3.30 0.13 
236 9.0 65 442 2.55 3438 2.68 0.19 
237 9.0 84 5572 2.55 5001 2.91 0.26 
238 9.0 67 456 2.60 2367 7.70 0.28 
243 
• CALCULATED RESULTS 
ANCHOR - CLEARANCE = 5.0 inches 
CARBOPOL SOLUTIONS 
Run Diameter 
(inches) 
h 
Btu 
NNu N Po 
N'Re N'Pr 
e Pr K/K w N" 	 N" Re 	 Pr 
( 	 ) o oF hr ft.2 
Heating 
0.15 Percent CARBOPOL 
373 9.0 147 484 2.69 728 468 2.05 349 	 976 
374 9.0 225 737 2.63 1523 373 1.72 739 	 768 
375 9.0 388 1276 2.72 2736 339 1.45. 1317 	 704 
376 9.0 504 1655 2.84 4002 301 1.35 1938 	 622 
Cooling 
373 9.0 99 326 2.68 678 505 0.66 322 	 1064 
374 9.0 173 567 2.63 1473 386 0.69 711 	 800 
375 9.0 280 924 2.71 2444 382 0.79 1155 
	 809 
376 9.0 386 1271 2.84 3774 321 0.81 1810 	 669 
0.20 Percent CARBOPOL 
Heating 
9.0 101 331 2.39 193 2559 1.64 49 13,080 415-2 
414 9.0 105 352 2.45 206 3026 1.98 52 12,085 
416 9.0 200 656 2.61 550 1739 1.47 140 	 6848 
417 9.0 247 810 2.61 851 1483 1.42 216 	 5837 
Cooling 
415 9.0 58 192 2.39 193 2562 0.70 49 10,095 
414 9.0 61 202 2.45 222 2798 0.79 56 11,130 
416 9.0 156 513 2.60 534 1798 0.81 135 	 7089 
417 9.0 205 676 2.60 811 1562 0.83 206 	 6165 
0.24 Percent CARBOPOL 
Heatinq 
456 9.0 141 465 2.55 244 4042 1.28 51 19,329 
455 9.0 167 556 2.58 291 3774 1.26 61 18,047 
454 9.0 181 598 2.59 317 3824 1.28 67 18,165 
Cooling 
457-2 9.0 51 170 2.37 165 4972 0.87 35 23,592 
456 9.0 79 261 2.54 231 4298 0.89 49 20,592 
455 9.0 115 378 2.58 288 3818 0.89 60 18,239 
454 9.0 120 396 2.59 316 3837 0.91 67 18,224 
29 4 
CALCULATED RESULTS 
PADDLE - CENTER 
	 = 7.0 inches 
WATER 
Run 	 Diameter 	 h 	 NNu 
	 N
PO 	 NRe 	 N 	
K/Kw 
w Nu	 - Pr x Height ( 
 Btu  
(inches x ( oF hr ft.2)  inches) 
Heating 
245 
n 	 Diameter 	 h 	 Nuo 	 N. 	 N 	 K/Kw 
• R
x Height 	 NNu
, 	
e 	 Pr 
 
84 7.0 x 3.0 729 2155 4.27 105,323 2.25 1.13 
85 7.0 x 3.0 905 2720 4.58 153,864 2.51 1.14 
86 7.0 x 3.0 1141 3421 .00 255,433 2.47 1.12 
87 7.0 x 3.0 1395 4171 5.27 356,758 2.42 1.10 
75 8.0 x 1.0 499 1460 0.69 150,292 2.11 1.14 
76 8.0 x 1.0 526 1524 0.63 157,412 1.96 1.11 
77 8.0 x 1.0 642 1883 0.90 287,551 2.13 1.31 
78 8.0 x 1.0 973 2940 1.03 422,769 2.61 1.14 
79 8.0 x 1.0 1163 3419 1.06 679,740 2.17 1.09 
71 8.0 x 2.0 600 1784 1.83 103,329 2.35 1.16 
72 8.0 x 2.0 816 2441 2.56 180,409 2.44 1.15 
73 8.0 x 2.0 1169 5378 2.80 401,123 1.93 1.06 
74 8.0 x 2.0 1315 3823 3.03 520,265 2.02 1.06 
80 8.0 x 4.0 674 2102 3.58 80,864 3.27 1.25 
81 8.0 x 4.0 854 2589 4.59 146,722 2.67 1.16 
82 8.0 x 4.0 1135 3455 5.30 238,739 2.63 1.12 
83 8.0 x 4.0 1500 4499 5.55 
339,502 2.47 1.09 
x Height 	 (Btu 
o 
 
(inches x 	 F hr ft.2) inches) 
Run Diameter 	 h 	 NNuNPo 
 
NPr 	 K/Kw 
246 
CALCULATED RESULTS 
PADDLES - CENTER HEIGHT = 7.0 inches 
WATER 
Cooling 
124 4.0 x 1.0 238 728 4.51 41,301 2.87 0.77 
125 4.0 x 1.0 500 1570 2.22 108,360 3.49 0.88 
126 4.0 x 1.0 667 2133 2.44 148,898 4.00 0.91 
127 4.0 x 1.0 756 2371 2.73 233,514 3.44 0.91 
120 4.0 x 2.0 287 897 10.57 34,512 3.36 0.84 
121 4.0 x 2.0 627 1923 4.98 112,852 2.91 0.89 
122 4.0 x 2.0 829 2623 5.88 143,618 3.68 0.92 
123 4.0 x 2.0 937 2966 6.26 181,205 3.70 0.93 
143 5.0 x 1.0 305 970 1.38 44,177 3.83 0.85 
146 5.0 x 1.0 384 1183 2.24 6'5,071 3.01 0.84 
144 5.0 x 1.0 718 2255 2.05 148,314 3.48 0.91 
145 5.0 x 1.0 927 2955 2.23 214,345 3.91 0.93 
104 5.0 x 1.5 325 1052 3.43 39,454 4.47 0.86 
105 5.0 x 1.5 530 1702 2.96 79,362 4.15 0.90 
106 5.0 x 1.5 777 2490 3.46 155,438 4.07 0.92 
107 5.0 x 1.5 1051 3183 3.76 338,673 2.65 0.91 
100 5.0 x 2.0 350 1120 5.54 47,376 4.00 0.87 
101 5.0 x 2.0 605 1950 2.44 76,768 4.31 0.91 
102 5.0 x 2.0 903 2849 4.60 162,702 3.59 0.92 
103 5.0 x 2.0 1138 3451 4.80 282,688 2.68 0.92 
96 6.0 x 1.0 360 1117 1.72 87,918 3.13 1.83 
97 6.0 x 1.0 500 1591 1.33 125,905 3.83 0.88 
98 6.0 x 1.0 760 2411 1.54 241,455 3.75 0.92 
99 6.0 x 1.0 1002 3181 1.67 320,238 3.78 0.93 
39 6.0 x 2.0 417 1327 1.83 55,755 3.87 0.88 
40 6.0 x 2.0 631 1955 3.34 102,277 3.12 0.88 
41 6.0 x 2.0 920 2696 3.91 183,915 3.54 0.93 42 6.0 x 2.0 1164 5625 4.25 266,353 3.25 0.93 
92 7.0 x 1.0 449 1376 0.98 123,922 2.88 0.84 
93 7.0 x 1.0 645 2004 0.93 185,801 3.18 0.89 94 7.0 x 1.0 826 2529 1.21 350,460 2.87 0.90 
95 7.0 x 1.0 1076 3427 1.23 362,445 3.88 0.93 
88 7.0 x 2.0 615 1850 2.34 98,538 2.52 0.87 89 7.0 x 2.0 691 2190 3.01 124,138 3.74 0.91 90 7.0 x 2.0 1115 3356 3.38 287,001 2.53 0.91 91 7.0 x 2.0 1464 4630 3.50 305,288 5.66 0.94 
247 
Run Diameter 
x Height 
h Nu N Po NPr K/Kw 
84 7.0 x 3.0 650 1930 4.23 89,176 2.76 0.89 
85 7.0 x 3.0 836 2595 4.54 126,969 3.17 0.91 
86 7.0 x 3.0 1072 3423 4.94 171,139 3.95 0.94 
87 7.0 x 3.0 1294 3983 5.23 301,058 2.98 0.93 
75 8.0 x 1.0 424 1349 0.68 91,811 3.83 0.87 
76 8.0 x 1.0 410 1321 0.61 81,872 4.31 0.88 
77 8.0 x 1.0 627 1975 0.88 187,564 3.57 0.90 
78 8.0 x 1.0 875 2729 1.02 347,186 3.30 0.92 
79 8.0 x 1.0 1074 3450 1.04 395,001 4.16 0.94 
71 8.0 x 2.0 493 1539 1.80 77,031 4.16 0.94 
72 8.0 x 2.0 659 2114 2.52 116,131 4.12 0.91 
73 8.0 x 2.0 1260 3710 2.78 363,951 2.19 0.91 
74 8.0 x 2.0 1325 4286 2.96 270,948 4.41 0.95 
80 8.0 x 4.0 689 2051 3.62 106,104 2.35 0.87 
81 8.0 x 4.0 886 2748 4.57 127,621 3.16 0.91 
82 8.0 x 4.0 1086 3437 5.25 179,982 3.69 0.93 
83 8.0 x 4.0 1263 3938 5.48 267,892 3.29 0.93 
248 
CALCULATED RESULTS 
PADDLES - CENTER HEIGHT = 7.0 inches 
93.7% GLYCERINE 
Run Diameter 	 h 	 NNu 	 NPo 	 NRe 
x Height 	 (Btu  
((inches x 	 o F 
 hr ft.2) inches) 
NPr 	 K/Kw 
Heating  
262 4.0 x 1.0 64 432 2.50 843 528 6.66 
261 4.0 x 1.0 112 759 2.01 2600 337 3.99 
260 4.0 x 1.0 150 1016 2.26 4389 305 3.32 
259 4.0 x 1.0 199 1348 2.42 7809 228 2.49 
258 4.0 x 2.0 44 301 4.62 868 481 5.86 
257 4.0 x 2.0 132 896 5.00 2749 222 2.75 
256 4.0 x 2.0 142 961 5.05 2478 323 3.51 
255 4.0 x 2.0 178 1205 5.05 4345 250 2.72 
253 6.0 x 1.0 64 .433 1.12 667 654 8.25 
254 6.0 x 1.0 107 723. 1.44 2524 332 4.21 
252 6.0 x 1.0 166 1125 1.42 7941 182 2.29 
251 6.0 x 1.0 189 1280 1.52 7392 287 2.93 
250 6.0 x 2.0 69 465 2.84 541 652 8.28 
249 6.0 x 2.0 108 734 3.95 2252 288 3.17 
248 6.0 x 2.0 116 1193 3.44 4773 251 2.69 
247 6.0 x 2.0 199 1346 3.67 3756 398 3.44 
246 8.0 x 1.0 82 554 .0.90 1658 406 5.17 
245 8.0 x 1.0 109 740 0.92 2972 389 4.50 
244 8.0 x 1.0 180 1218 1.02 8175 242 2.70 
243 8.0 x 1.0 193 1308 1.03 6635 380 3.44 
242 8.0 x 2.0 92 621 1.77 1516 386 4.81 
241 8.0 x 2.0 149 1009 2.22 4537 206 2.50 
240 8.0 x 2.0 185 1254 2.46 4938 294 2.96 
239 8.0 x 2.0 197 1336 2.45 6672 289 2.30 
249 
• CALCULATED RESULTS 
PADDLES - CENTER HEIGHT = 7.0 inches 
93.7 percent GLYCERINE 
Diameter 	 h 	 NNu  
"Nu 
	
NPo 	 NRe 	 NPr 
 x Height 	 (  Btu  
(inches x (oF 
 hr ft.2) 
Cooling 
262 4.0 x 1.0 26 178 2.51 1227 353 0.11 
261 4.0 x 1.0 45 308 2.01 3055 288 0.14 
260 4.0 x 1.0 62 420 2.26 4193 319 0.20 
259 4.0 x 1.0 65 438 2.40 4235 413 0.22 
258 4.0 x 2.0 31 211 4.63 1041 403 0.13 
257 4.0 x 2.0 45 306 4.98 1933 313 0.16 
256 4.0 x 2.0 57 387 5.05 2623 306 0.19 
255 4.0 x 2.0 71 480 5.03 3194 336 0.23 
253 6.0 x 1.0 23 156 1.13 1286 346 0.10 
254 6.0 x 1.0 39 262 1.44 2496 336 0.13 
252 6.0 x 1.0 62 419 1.40 4575 309 0.20 
251 6.0 x 1.0 77 523 1.52 '5418 388 0.25 
250 6.0 x 2.0 28 187 2.86 1053 342 0.11 
249 6.0 x 2.0 38 260 3.93 1477 432 0.15 
248 6.0 x 2.0 63 427 3.42 2820 418 0.22 
247 6.0 x 2.0 76 517 3.67 3467 430 0.25 
246 8.0 x 1.0 28 192 0.90 1693 398 0.10 
245 . 
 8.0 x 1.0 44 301 0.92 3608 322 0.14 
244 8.0 x 1.0 67 453 1.02 5985 327 0.21 
243 8.0 x 1.0 144 976 1.04 15,188 171 0.33 
242 8.0 x 2.0 33 225 1.75 1587 34 8 0.12 
241 8.0 x 2.0 56 382 2.21 3084 299 0.18 
240 8.0 x 2.0 84 569 2.45 4152 348 0.26 
230 8.0 x 2.0 90 611 2.45 5627 341 0.28 
Run K/K
w 
 
inches) 
CALCULATED REULTS 
PADDLES - CENTER HEIGHT = 7.0 inches 
0.15 Percent CARBOPOL 
250 
Run Diameter 
x Height 
(inches x 
inches) 
h 
( Btu  
oF hr ft.2 
Nu 
NPo N' 	 NPr K/Kw Re 	 Re Pr 
Heating 
CALCULATED REULTS 
PADDLES - CENTER HEIGHT = 7.0 inches 
0.15 Percent CARBOPOL 
251 
Run N
Nu 
Diameter 
x Height 	 ( Btu 
(inches x `oF hr ft.2)  inches) 
N 	 N' Re N' 	 N" N" 0 Pr w Re Pr 
Cooling  
345 4.0 x 1.0 
68 
190 2.64 853 304 0.58 411 632 
346 4.0 x 1.0 85 278 1.48 1322 285 0.63 632 596 
347 4.0 x 1.0 135 445 2.22 2670 234 0.6? 1286 487 
348 4.0 x 1.0 154 507 2.32 3470 234 0.72 1650 491 
349 4.0 x 2.0 74 245 4.16 723 349 0.66 342 739 
350 4.0 x 2.0 119 391 4.63 1283 290 0.69 612 608 
351 4.0 x 2.0 173 570 5.44 2247 256 0.73 1071 537 
552 4.0 x 2.0 210 695 5.58 3011 241 0.75 1433 506 
357 6.0 x 1.0 57 188 1.45 653 413 0.59 311 368 
358 6.0 x 1.0 144 471 1.46 2570 275 0.66 1246 568 
359 6.0 x 1.0 195 642 1.55 4016 271 0.74 1912 570 
360 6.0 x 1.0 274 900 1.61 6212 220 0.74  3027 451 
361 6.0 x 2.0 64 212 3.67 597 407 0.58 286 849 
362 6.0 x 2.0 114 375 3.12 1230 356 0.66 586 746 
363 6.0 x 2.0 194 640 3.51 2485 308 0.74 1179 650 
364 6.0 x 2.0 267 879 3.55 3632 282 0.78 1724 593 
365 8.0 x 1.0 77 255 1.23 984 44-6 0.64 465 944 
366 8.0 x 1.0 111 367 0.91 1762 378 0.66 838 796 
367 8.0 x 1.0 203 670 1.04 40.66 322 0.76 1920 681 
368 8.0 x 1.0 267 880 1.09 5630 293 0.78 2667 619 
369 8.0 x 2.0 89 294 2.13 730 445 0.62 550 929 
370 8.0 x 2.0 139 458 2.24 1443 390 0.69 688 818 
371 8.0 x 2.0 273 695 2.51 3127 305 0.74 1512 631 
372 8.0 x 2.0 286 947 2.64 3313 360 0.82 1544 773 
CALCULATED RESULTS 
PADDLES - CENTER HEIGHT = 7.0 inches 
0,20 Percent CARBOPOL 
2S2 
Run Diameter 
x Height 
(inches x 
inches) 
h 	 N 
Btu  
) 
°F hr ft.- 2 
NPo N e  N' K/K 	 N" Pr 	 w - Re Pr 
Heating 
395 4.0 x 1.0 83 274 2.16 682 952 1.83 173 3762 
394 4.0 x 1.0 86 287 2.07 689 1076 2.07 173 4295 
397 4.0 x 1.0 106 350 2.18 1017 81) 1.75 257 3236 
392 4.0 x 2.0 59 196 7.56 287 1396 1.93 72 5549 
393 4.0 x 2.0 95 313 5.54 4117 1072 1.65 113 4226 
391 4.0 x 2.0 125 410 6.73 599 963 1.66 152 3799 
390 4.0 x 2.0 153 505 5.74 757 958 1.68 191 3801 
402 6.0 x 1.0 77 255 1.46 470 1566 1.98 118 6222 
403 6.0 x 1.0 124 408 1.46 840 1176 1.70 212 4646 
404 6.0 x 1.0 150 495 1.50 1073 1054 1.60 272 4159 
405 6.0 x 1.0 190 624 1.57 1611 858 1.46 410 3373 
399 6.0 x 2.0 124. 410 3.82 429 1467 1.69 109 5787 
398 6.0 x 2.0 149 493 3.73 502 1532 1.80 126 6088 
400 6.0 x 2.0 184 604 3.80 795 1120 1.43 202 4404 
401 6.0 x 2.0 215 707 3.86 884 1091 1.47 225 4293 
411 8.0 x 1.0 79 260 1.03 416 1825 1.78 105 7203 
410 8.0 x 1.0 112 371 1.06 565 1837 1.92 142 7308 
412 4.0 x 1.0 143 471 1.09 948 1333 1.62 241 5253 
413 8.0 x 1.0 188 619 1.08 1424 1171 1.50 361 4619 
407 8.0 x 2.0 74 245 2.36 271 2251 1.93 68 8916 
406 8.0 x 2.0 148 489 2.26 483 1756 1.63 122 6938 
408-2 8.0 x 2.0 179 585 2.34 727 1367 1.39 186 5361 
409 8.0 x 2.0 237 773 2.48 1035 1174 1.37 265 4597 
Run h 	 NNu 
(Btu  
F hr ft.2) 
Diameter 
x Height 
(inches x 
inches) 
NPo 	 N' Re N1,r  K/Kw 
CALCULATED RESULTS 
PADDLES - CENTER HEIGHT = 7.0 inches 
0.20 2ercent CARBOPOL 
253 
Cooling,  
395 4.0 x 1.0 48 159 2.16 667 976 0.72 168 3862 
594 4.0 x 1.0 50 164 2.07 753 -378 0.76 190 3886 
397 4.0 x 1.0 60 197 2.18 1000 834 0.73 253 3293 
392 4.0 x 2.0 42 139 7.57 304 1308 0.71 77 5182 
393 4.0 x 2.0 56 184 5.52 412 1178 0.74 104 4644 
391 4.0 x 2.0 77 253 6.72 586 986 0.75 148 3892 
390 4.0 x 2.0 100 329 5.75 791 913 0.78 200 3613 
402 6.0 x 1.0 46 152 1.47 503 1455 0.72 127 5764 
403 6.0 x 1.0 82 269 1.46 874 1126 0.74 222 4439 
404 6.0 x 1.0 105 347 1.50 1065 1063 0.77 270 4194 
405 6.0 x 1.0 149 488 1.57 1064 863 0.78 408 3390 
399 6.0 x 2.0 81 266 3.82 421 1495 0.75 107 5904 
398  6.0 x 2.0 112 370 3.75 574 1322 0.79 146 5218 
400 6.0 x 2.0 143 471 3.79 731 1227 0.81 185 4848 
401 6.0 x 2.0 164 539 3.85 866 1115 0.80 220 4394 
411 8.0 x 1.0 48 159 1.03 401 1897 0.71 102 7500 
410 8.0 x 1.0 69 227 1.07 612 1685 0.76 155 6676 
412 8.0 x 1.0 87 288 1.09 861 1481 0.77 217 5864 
413 8.0 x 1.0 147 475 1.07 1334 1256 0.82 33/ 4973 
407 8.0 x 2.0 /Lb 152 2.37 289 2096 0.68 73 8275 
406 8.0 x 2.0 99 327 2.26 481 1765 0.78 122 6973 
408 8.0 x 2.0 140 451 2.33 655 1533 0.79 166 6044 
409 8.0 x 2.0 175 576 2.47 905 13-1 0.82 230 5365 
CALCULATED RESULTS 
FADDLES CENTER HEIGHT = 7.0 inches 
0.24 Percent CARBOPOL 
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Run Diameter 	 h 
x Height 	 ( Btu 
(inches x ( °F hr ft.2)  inches) 
r• 
NPo Re 
N" 	 K" Pr w Re Pr 
Heating 
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CALCULATED RESULTS 
PROPELLERS - CLEARANCE = 10 inches 
WATER 
Run Diameter 
(inches) 
h 
Btu (----- 	 2) 
F hr it, 
u NPo N Re NPr K/Kw 
Heating 
155 5.2 417 1229 0.12 105,811 2.22 1.18 
159 5.2 . 745 2215 0.65 240,406 2.33 1.14 
156 5.2 807 2348 0.50 279,594  2.03 1.09 
157 5.2 936 2763 0.63 426,654 2.22 1.11 
158 5.2 1203 3472 0.68 669,367 1.93 1.06 
Cooling 
155 5.2 340 1067 0.12 73,003 3.47 0.85 
159 5.2 684 2098 0.64 200,844 2.90 0.88 
156 5.2 663 2120 0.49 158,165 4.03 0.91 
157 5.2 859 2755 0.62 254,897 4.11 0.93 
158 5.2 1065 3416 0.66 358,108 4.11 0.94 
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CALCULATED .RESULTS 
PROPELLERS - CLEARANCE = 10 inches 
93.7 Percent GLYCERINE 
Run Diameter 
(inches) 
h 
(.0Btu NNu NPo 	
NRe NPr K Kw 
F hr ft.2 
Heating 
278 4.1 57 386 1.04 	 854 576 7.43 
277 4.1 102 690 0.80 	 2960 330 3.92 
276 4.1 139- 941 0.73 	 4106 400 4.09 
275 4.1 146 988 0.75 	 3968 509 4.67 
274 6.0 61 412 0.80 	 888 564 7.06 
273 6.0 98 665 0.65 	 2136 460 5.22 
272 6.0 117 1062 0.66 	 5486 325 3.38 
271 6.0 224 1517 0.68 11651 230 2.36 
Cooling 
278 4.1 18 119 1.04 	 1340 372 0.10 
277 4.1 37 251 0.80 	 2851 343 0.14 
276 4.1 60 404 0.73 	 5725 290 0.20 
275 4.1 67 453 0.75 	 6134 334 0.23 
274 6.0 25 171 0.80 	 1537 331 0.10 
273 6.0 38 260 0.65 	 2802 353 0.15 
272 6.0 57 389 0.66 	 4633 382 0.22 
271 6.0 85 573 0.68 	 6597 399 0.28 
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CALCULATED RESULTS 
PROPELLERS - CLEARANCE = 10.0 inches 
0.15 Percent CARBOPOL 
Diameter 	 h 	 Po N 	 N 	 N' 	 N' 	 K/K 	 N 	 N! Nu 	 Re 	 Pr 	 w 	 .....   e (inches) 	 (Btu 
- 
°F hr.ft.2)  
Heating 
341 4.1 117 387 0.84 1547 295 2.40 730 625 
342 4.1 138 451 0.62 2546 230 1.95 1237 
 475 
343 4.1 163 537 0.52 5184 228 1.98 1535 474 
344 4.1 188 616 0.64 4141 226 1.96 1970 476 
553 6.0 90 296 0.188  759 389 2.33 364 812 
554 6.0 194 636 0.57 3062 268 1.81 1481 )54 
355 6.0 279 915 0.60 5458 237 1.65 2634 491 
356 6.0 339 1111 0.63 7676 213 1.51 3726 440 
Cooling 
341 4.1 64 210 0.84 1650 275 0.60  788  577 
342 4.1 86 283 0.62 2327 253 0.63 1113 529 
343 4.1 102 337 0.52 5032 240 0.66 144-7 504 
344 4.1 133 459 0.64 4058 231 0.70 1923 488 
354 6.0 144 474 0.57 5040 270 0.69 1468 559 
355 6.0 208 687 0.59 4884 267 0.77 2311 564 
356 6.0 278 )15 0.63 7097 232 0.78 3396 485 
Run 
CALCULATED RESULTS 
PROPELLERS - CLEARANCE = 10 inches 
CARBOPOL SOLUTIONS 
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Run Diameter 
(inches) 
h 
(Btu 
 P hr ft.2)  
Nu 
0 N 
Re 
N'' 
-Pr K/Kw Re N''Pr 
0.20 Percent CARBOPOL 
Heating 
6.0 68 224 0.71 607 1412 1.85 153 5605 381 382 6.0 87 239 0.57 790 1332 1.99 198 3 5 
383 6.0 163 537 0.65 1675 894 1.55 425 3524 
Cooling 
385-2 4.1 44 147 0.64 959 997 0.82 270 3042 
381 6.0 41 136 0.71 655 1300 0.72 166 5142 
382 6.0 58 190 0.57 896 1162 0.75 227 4596 
383 6.0 112 369 0.69 1660 • 903 0.78 421 3562 
0.24 Percent CARBOPOL 
He 
427 6.0 71 236 0.64. 622 2122 1.39 131 10097 
428 6.0 90 298 0.65 805 1866 1.34 169 8910 
429 6.0 124 407 0.65 990 1724 1.29 207 8231 
Cooling 
427 6.0 39 129 0.65 623 2078 0.85 133 9907 
428 6.0 55 181 0.65 798 1885 0.87 1u7 8994 
429 6.0 72 237 0.64 950 1806 0.89 200 8587 
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CALCULATED RESULTS 
DISK AND VANE TURBINES - CENTER HEIGHT = 7.0 inches 
WATER 
Run Diameter h 	 NN NPo NRe NPr K/K x Height 	 (_Btu  
(inches x 
	
hr ft.2) 
inches) 
Heating 
173 4.0 x 0.75 411 1256 3.36 45,152 2.80 1.25 
174 4.0 x 0.75 857 2521 4.94 147,191 2.17 1.11 
175 4.0 x 0.75 1094 3261 5.32 216,571 2.36 1.11 
176 4.0 x 0.75 1316 3905 5.71 ;20,234 2.30 1.09 
169 5.0 x 1.0 555 1632 3.48 75,276 2.17 1.15 
170 5.0 x 1.0 1065 3171 4.73 185,358 2.35 1.11 
171 5.0 x 1.0 1250 3715 5.05 280,100 2.33 1.10 
172 5.0 x 1.0 1529 449? 5.09 369,025 2.16 1.07 
128 6.0 x 1.25 524 1549 4.45 72,611 2.23 1.15 
129 6..0 x 1.25 789 2380 4.76 135,592 2.58 1.15 
130 6.0 x 1.25 1239 3694 5.05 250,161 2.38 1.10 
131 6.0 x 1.25 1346 3911 5.21 390,960 2.01 1.07 
165 7.0 x 1.375 681 2030 4.69 94,306 2.37 1.15 
166 7.0 x 1.375 957 2867 4.49 147,990 2.45 1.13 
167 7.0 x 1.575 1230 3675 5.08 268,951 2.40 1.10 
168 7.0 x 1.375 1405 4166 5.26 377,867 2.29 1.09 
Run 
°F hr ft.2)  
Diameter 
"Nu x Height 
	
(  Btu  
(inches x ( 
inches) 
NPr. 	 K/Kw 
Cooling  
CALCULATED RESULTS 
DISK AND VANE TURBINES - CENTER HEIGHT = 7.0 inches 
260 
173 4.0 x 0.75 389 1196 3.36 43,336 2.95 0.83 
174 4.0 x 0.75 862 2556 4.9-i 141,183 2.29 0.88 
175 4.0 x 0.75 828 2631 5.25 146,005 3.79 0.92 
176 4.0 x 0.75 12.96 4096 5.63 218,257 3.65 0.94 
169 5.0 x 1.0 451 1423 3.42 49,136 3.63 0.88 
170 5.0 	 1.0 847 2715 4.66 116,297 4.10 0.93 
171 5.0 x 1.0 1028 3265 4.98 186,088 3.80 0.93 
172 5.0 x 1.0 1226 3902 4.99 227,039 3.87 0.94 
128 6.0 x 1.25 461 1467 4.37 45,916 3.87 3.87 
129 6.0 x 1.25 900 2679 4.77 143,967 2.36 0.89 
130 6.0 x 1.25 986 3067 5.00 194,925 3.22 0.92 
131 6.0 x 1.25 1262 4062 5.09 210,330 4.23 0.95 
165 7.0 x 1.575 622 1907 4.66 80,320 2.88 0.88 
166 7.0 x 1.375 702 2236 4.43 100,716 3.88 0.91 
167 7.0 x 1.375 1193 3782 5.01 185,748 3.74 0.94 
168 7.0 x 1.375 1368 4368 5.18 239,388 3.95 0.05 
26/ 
CALCULATED RESULTS 
DISK AND VANE TURBINES - CENTER HEIGHT = 7.0 inches 
Run 	 Diameter 	 h 	 NNu 	 NPo 	 K/Kw NRe 	 "Pr 
x 	 ( Btu  
(inches x 'of hr ft.2)  inches) 
Heating 
95.7 Percent GLYCERINE 
270 4.0 x 0.75 89 601 4.05 1002 422 5.36 
269 4.0 x 0.75 145 986 4.20 2842 275 3.15 
268 4.0 x 0.75 170 1154 4.62 3671 289 3.04 
267 4.0 x 0.75 186 1261 4.47 3168 430 3.70 
266 6.0 x 1.25 92 622 3.53 891 438 5.38 
265 6.0 x 1.25 126 857 3.91 2037 329 3.71 
264 6.0 x l.25 116 739 4.09 4293 274 2.95 
263 6.0 x 1.25 126 852 4.34 3780 585 3.55 
Cooling 
270 4.0 x 0.75 35 
 
2',8 4.07 1407 303 0.12 
269 4.0 x 0.75 54 363 4.18 2273 341 0.19 
268 4.0 x 0.75 70 475 4.61 3062 344 0.23 
267 4.0 x 0.75 81 546 4.47 3425 399 0.27 
266 6.0 x l.25 29.  195 3.53 982 399 0.11 265 8.0 x 1.25 52 353 3.92 2391 282 0.16 
264 6.0 x 1.25 66 445 4.07 3045 382 0.21 263 6.0 x 1.25 89 01 4.34 3815 382 0.26 
CALCULATED RESULTS 
DISK AND VANE TURBINES - CENTER HEIGHT = 7.0 inches 
0.15 Percent CARBOPOL 
Run Diameter 
x Height 
(inches x 
inches) 
h 
(
	Btu 
oF hr ft 
 
u 
NPo 
NPo 
N N' P r K r N e r 
Heatin 
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CALCULATED RESULTS 
DISK AND VANE TURBINES - CENTER HEIGHT = 7.0 inches 
Run Diameter 
x Height 
(inches x 
inches) 
h 	 N. 
( Btu 
°F hr ft.2)  
NPr K/Kw  
Heating; 
0.20 Percent CARBOPOL 
389 4.0 x 0.75 95 312 4.46 515 989 1.61 131 3892 
387 4.0 x 0.75 105 346 4.83 616 982 1.73 156 3879 
386 4.0 x 0.75 157 519 4.80 816 927 1.70 206 3674 
419-2 6.0 x 1.25 77 259 3.74 286 1717 1.33 72 8779 
418 6.0  x 0.75 115 381 3.95 361 1584 1.86 91 6681 420 6.0 x 1.25 161 530 4.24 347 1513 1.56 139 5172 
421 6.0 x 1.25 207 680 4.58 802 1139 1.48 204 4486 
Cooling 
389 4.0 x 0.75 58 192 4.45 490 1046 0.73 124 4128 
387 4.0 x 0.75 64 212 4.48 608 996 0.75 154 -3937 
3h8 4.0 x 0.75 68 228 4.25 640 1095 0.82 161 4365 
386 4.0 x 0.75 106 551 4.81 871 863 0.80 221 3410 
419 6.0 x 1.25 49 162 3.74 277 1773 0.72 70 7012 
418 6.0 x 1.25 56 219 3.95 357 1703 0.77 90  6758  
420 6.0 x 1.25 106 548 4.24 532 1353 0.78 135 5338  421 6.0 x 1.25 151 498 4.58 764 1200 0.82 194 4738 
0.24 Percent CARBOPOL 
Heating 
459 6.0 x 1.25 120 5)7 4.06 347 2587 1.31 73 12359 
458 6.0 x 1.25 135 450 4.15 352 2,752 1.36 74 13023 
Cooling 
459 6.0 x 1.25 63 e10 4.05 333 2715 0.87 70 12912 
458 6.0 x 1.25 81 269 4.15 360 2682 0.90 76 12722 
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CaLCULATED RESULTS 
USED,  
IN REGRESSION ANALYSIS 
USING TWO DATA POINTS 
FOR EACH PaDDLE HEIGHT 
265 
RESULTS USED FOR 
REGRESSION ANALYSIS OF PADDLE LOCATION EFFECT 
USING TWO SET:? OF DATA AT EACH 
IMPELLER LOCATION 
FLUID - WATER 
Run Center 
Height 
(inches) 
Diameter 	 Nu 
x Height 
(inches2) 
NRe NPr K/K w 
60 4.5 8.0 x 1.0 1531 230,279 2.26 1.17 
61 4.5 6.0 x 1.0 7.164 125,783 2.36 1.22 
28 5.0 4,0 x 2.0 1114 44,785 2.31 1.21 
29 5.0 4.0 x 2.0 1100 38,852 2.75 1.30 
38 6.0 5.0 x 2.0 1328 66,193 2.24 1.17 
37 6.0 5.0 x 2.0 1986 134,060 2.22 1,12 
59 
63 
116 
6.5 
6.5 
6.63 
8.0 x 1.0 
6.0 x 1.0 
5.0 x 0.75 
1970 
1249 
1029 
249,573 
124,802 
67,084 
2.02 
2.34 
3.04 
1.11 
1.20 
1.37 
117 6.63 5.0 x 0.75 1850 205,955 2.57 1.19 
124 7.0 4.0 x 1.0 1003 41,944 2.82 1.32 
125 7.0 4.0 x 1.0 1775 146,046 2.44 1.18 
112 7.63 5.0 x 0.75 880 56,355 3.01 1.38 
113 7.63 5.0 x 0.75 1977 229,484 2.20 1.10 
21 8.0 7.0 x 2.0 1912 109,865 2.24 1.13 
22 8.0 7.0x 2.0 2411 142,090 2.69 1.17 
58 8.5 80 x 1.0 2206 251,930 2.00 1.10 
64 8.5 6.0 	 x 	 1.0 1640 129,818 2.23 1 .13 
46 9.0 3.0 x 2.0 2001 104,619 2.54 1.18 
45 9.0 8.0 x 2.0 2707 176,730 2.65 1.15 
56 10.0 • 8.0 x 4.0 1780 Y6,779 2.73 0.88 56 10.0 8.0 x 4.0 2071 80,469 2.58 1.18 
57 10.5 8.0 x 1.0 1723 157,826 3.53 0.90 
57 10.5 8.0 x 1.0 2112 225057 2.30 1.14 
Regression Anal a is 
Various portions of the calculations required the 
fitting of a straight line to a group of data points. 
statistical method based on minimizing the sum of the 
squares of the deviations of one of the variables from 
the straight line (least squares method) is described 
by Volk (198) and is a reliable and objective method for 
finding a linear relationship between two or more variables. 
Complete descriptions of the methods may be found in Leven-
spiel et al. (105) and Volk (198). 
One dependent and one independent variable. Many 
physical situations can be described by 
	 y= a+bx 	 (C-1 
where y is a dependent variable and x is an independent 
variable. If several sets of data of yi versus the corres-
ponding xi are taken and plotted, the "least squares" line 
through the data can be expressed 
y=a+ 	 bx 	 (C-2 
where the A over the y differentiates between the predicted 
y, 
A 	 d the measured y, yi. 
It has been established that the parameters, a and b, 
66 
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of a least squares line can be calculated from 
a = 	 b 7x 	 (0-3 
(C-4 
where x and 7 are the averages of the xi and yi data values. 
A relationship such as 
(C-5 
can be rewritten as 
log 	 log K n logγ 	 (C-6 
so that it is expressed in the form of equation C-1, where 
y = log 7 
x = log γ 
a = log K 
b = n 
Thus it can be seen that the use of the above regression 
analysis can be used for many simple relationships, provided 
they can be written in the form of equation C-1. 
A computer program for solving equation C-3 and C-4 
described by Eisen (59), was used as the basic program for 
calculating the parameters of the power law equation and 
the temperature dependent forms of the power law as described 
in Appendix A. The computer program is given in Appendix 
A. 
Multiple Variables Regression Analysis. Physical be-
havior is often a function of more than one independent 
variable and may be expressed as 
y = b0+ b1 xl b2 x2 	 b3 x3. . . 	 x 	 (C-7 
Using the method of least squares a set of simultaneous 
equations can be written (105, 198) 
(C- 8 
These equations are usually solved using Gaussian multipliers. 
The solution to those equations involves much repetition and 
is thus adaptable to a computer solution. Capato (36) describes 
a computer program for the IBM 1620 which can solve equations 
C-8 for one to ten independent variables and en unlimited 
number of data points. 
The batch heat transfer correlation composed of dimension-
less groups can be written in the form of equation. C-7 
(0-9 
Z69 
where y log NNu 
x1 = log NRe  
x2 = log Npr 
etc. and C,∝,/, and 	 are constants. 
The correlation of the heat transfer data in this 
paper was done by using Capatots computer program (36), 
modified to accept the experimental data in the form of 
NNu, NRe', NPr' K/Kw, etc. The same basic program was 
used for all the correlations tried although different 
modifications were needed to accept the data in the 
form given and to use the proper variables in the analysis. 
The basic computer program and its variations follow. 
270 
COMPUTER PROGRAM& 
FOR 
MULTIPLE VARIABLE REGRESSION ANALYSIS 
1. Basic Program. (The first part of this program was 
altered to evaluate the constants of the various 
correlations. The modifications which follow were 
used to evaluate the paddle and turbine data which 
included impeller width information. These programs 
were further modified for the propeller and anchor 
data by skipping the Wa/Da and D /Da and Wa/Da terms, 
respectively.) 
2. Modifications 'for evaluating constants for theoretical 
correlations. 
3. Modifications for evaluating constants for semi-emperical 
correlations. 
i. Modification for evaluating paddle position effect. 
5. Nomenclature. 
Basin Program  
Basic Program (con't) 	  272 
Program (con't) 273  
2_74 274 for evaluating  const nts
for correlation  A  
Modifications for evaluating c nst nt
correlation 
275_ 
 Modifications for evaluating 
constants for correlation C 
276 
 
z77  Modifications for Evaluating  
constants for correlation  
Modifications for evaluating  
constants for correlationR 
278 
constants for correlation F  
     
     
   
 for evaluating constants for correlation G  280 
    
	 _Correlation G  Modifications
28/ Modification for evaluating 
paddle position  effect  
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INPUT NOMENCLATURE FOR 
MULTIPLE VARIABLE REGRESSION 
ANALYSIS PROGRAMS 
The program solves simultaneous equations for the 
constants (J(0), J(1), J(2), T(3), etc.) for a correlation 
of the type. 
Y 	 J(0) 1h J(1) W(1) + J(2) W(2) -t- J(3) W(3) 
CENTER HEIGHT OF IMPELLER CHR 	 Paddle position ratio - 	 LIQUID 
 HEIGHT 
DA go Impeller diameter 
DIAR = Diameter ratio = Vessel diameter/Impeller diameter 
EK = Number of independent variables 
EN = Total number of data points 
HI 	 Impeller width 
HITE = Center Height of paddle 
HITR 	 Impeller geometry ratio = Impeller width/impeller 
diameter 
Number of different values of flow behavior index 
(or impeller height) to be read in 
Number of data points having same flow behavior index 
(or impeller height) 
RUN 	 Run number (for identification on data card) 
VCF2 = Viscosity ratio, K/kw 
XN 	 Flow behavior index 
XNNU = Nusselt number 
XNPR z Prandtl number 
XNRE = Reynolds number 
283 
NOMENCLATURE FOR APPENDIX C 
ENGLISH ALPHABET 
a 	 = Constant in eq. C-1 
b 	 = Constant in eq. C-1 
lac), bl, b2, b3, etc. = Constants called regression co- 
efficients in eq. C-4 
C 	 = Constant in eq. C-6 
K 	 = Fluid consistency index of power law 
K 	 = Total number of independent variables in eq. C-4 
n = Flow behavior index of power law 
x 	 = Independent variables 
xi 	 = Individual x data values 
x1' x2' x3  = Independent variables in eq. C-4 
= Average value of x 
Z' x12 
 = E(xl 5-c1
)2 
x2 " E(xl 	 21) (x2 
y = E(x1 	 *-x1) (y - Y) 
y = Dependent variables 
A 
= A predicted value for y 
Yi 	 = Individual data values 
= Average value of y 
284, 
GREEK ALPHABET 
∝ = Constant in eq. C-7 
13= Constant in eq. C-7 
Constant in eq. C-7 
Viscosity 
Re= Viscosity evaluated at wall temperature 
τ = Dependent variables in eq. C-3, also equal to 
shear stress 
Independent variables in eq. C-3, also equal to 
shear rate 
DIMENSIONLESS GROUPS  
NNu = Nusselt number 
Npr Prandtl number 
NRe = Reynolds number 
a85 
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